A151  958 


POPULATION  INVERSION  IN  LASER-INITIATED  VACUUM  ARCS(U) 
VALE  UN IV  NEU  HAVEN  CONN  M  KRISHNAN  25  JAN  85 
AF0SR-TR-85-8258  AFOSR-81-0877 


UNCLASSIFIED 


F/G  28/5 


NL 


MICROCOPY  RESOLUTION  TEST  CHART 

NATKiNAl  HllRfAM  Of  ^TAN^ARnv.  !  O*  >  A 


FILE  COPY  AD- A 151  958 


»  !’■  .  ii.ii 


SSCU.IlTy  CLASSIFICATION  OF  THIS  PAGE  rH7l».i  0«f»  Enrred 

REPORT  DOCUMENTATION  PAGE 

■■  REPORT  NUMBER  2.  50VT  ACCESSION  NC. 

KFCSR-TR-  8"- 0258 

4.  title  (tna  Submit) 

Population  Inversions  in  Laser-Initiated 
Vacuum  Arcs 


Ft  *r>  I'.STKi  CTIONS 
_ BEF-OFtE.  C~iVPLr.TING  FORM 

3  PECiP:En"S  CA'A.CG  NUMBER 


5  Type  OF  REPORT  6  PERIOD  COVERED 

Annual  Report 
2/1/84  -  1/31/85 

6.  PERFORM. NO  CIS.  REPORT  NUMBER 


~  al  thorc*; 

Mahadevan  Krishnan,  Associate  Professor  of 
Applied  Physics  and  Mechanical  Engineering 

77  PERFORMING  ORGANIZATION  NAME  ANO  ADDRESS 

Yale  University 
New  Haven,  CT  06520 

II.  CONTROLLING  OFFICE  NAME  AND  ADDRESS 

AFOSR //.‘f 

Bolling  Air  Force  Base 
Washington,  DC  20332 

(a.  monitoring  AGENCY  NAME  a  ADORESS(7f  dilltrtnt  trom  Controlling  Ottice) 


I  16.  DISTRIBUTION  STATEMENT  (ol  thl •  Reporlj 


S.  CONTRACT  OR  GRANT  NUMBERf*; 

fiFCZg- 

81-0077 


1C.  PROGRAM  EwEMEN'T  project,  task 
AREA  ft  WORK  UNIT  NuMBERS 

(- 

12.  REPORT  D*tE  ~  / 

January  25,  1985 

number  op  rages  t  _ 


15  SECURITY  CLASS.  (ol  thia  tap  on) 
f  ,  /» 

T5fl.  “dec  ^  ASSlFiC  ATI  ON- DOWN  GRADING 
SChEDJLE 


Approved  fc  -  p:  ’  1 1 e  rolortse  * 

_ distribution  unlimited,  _ 

17.  DISTRIBUTION  STATEMENT  (ol  Iht  mbttrtcl  tnltrtd  In  Blor.k  20,  II  dlfftitnl  trotr.  Rtporl ) 


i  „  0  o  ^35 


1ft.  supplementary  notes 


19.  KEY  WORDS  (Conflnu#  on  ravaraa  alda  It  nacaaaary  and  I  dan  t  tty  by  block  numbar) 

Short  Wayelength  Lasers 
X-ray  Lasers 
Vacuum  Arcs 
Laser  Plasmas 

20.  ABSTRACT  (Contlnua  an  ravrsa  alda  it  nacaaaary  and  idarxUty  by  block  numbar) 

A  detailed  study  of  resonant  photo-excitation  of  CII  ions  in  a  vacuum 
arc  discharge  hy  line  radiation  from  laser  produced,  AiHI  ions  was 
completed.  Although,  enhanced  fluorescence  by  up  to  a  factor  of  eight  in 
CII  at  2138  A  was  observed,  the  collisional-radiative  kinetics  are  such 
as  to  prevent  a  population  inversion  from  building  up  under  the  conditions 


(Continued  on  next  page) 


DD  1473  EDITION  OF  '  NOV  68  IS  OBSOLETE 

S/N  01 02-LP -01 4-660! 


j:  f* J  f  i-. 


SECURITY  CLASSIFICATION  OF  THIS  PAOE  f»N»n  DM*  Kntmbd) 


85  03  13  014 


C>m:b  Entered, 


of  the  experiments.  This.  unfavorable  conclusion  prompted  the  identification 
of  a  new  class  of  Be-like,  photo-excited  lasers  with  potential  laser  wave¬ 
lengths  from  2177  X  in  Cin  down  to  230  X  in  MglX.  Design  considerations 
for  such  lasers  are  presented.  Initial  experiments  in  CIII  pumped  by 
MnVI  line  radiation  have  shown  fluorescence  enhancements  in  CIII  at  2177  X 
by  up  to  a  factor  of  150.  Optimization  of  the  pump  plasma  geometry  has 
increased  this  enhancement  to  a  factor  of  500.  Gain  estimates  are  given 
which  suggest  that  a  laser  can  be  constructed  at  2177  X. 
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I. 


INTRODUCTION 


This  Annual  Scientific  Report  covers  the  period  February  1,  1984  to 
January  31,  1985  for  AFOSR  Grant  No.  81-C077.  Section  II  summarizes  the 
research  performed  during  this  period.  Section  III  lists  the  personnel 
associated  with  this  effort  and  the  publications  and  presentations  which 
have  stemmed  from  the  research. 

II.  RESEARCH  SUMMARY 

At  the  start  of  this  period,  Mr.  James  Trebes  entered  the  final  phase 
of  his  dissertation  research  on  selective  photo-excitation  of  CII  ions  by 
AtHI  radiation.  The  experiments  and  the  computer-aided  analysis  which 
were  focused  on  this  excitation  scheme  are  concisely  summarized  in  a  paper 
presented  at  the  2nd  Topical  Meeting  on  Laser  Techniques  in  the  Extreme 
Ultraviolet,  Boulder,  CO,  March  5-7,  1984.  This  paper,  which  was  published 
in  the  AIP  Conference  Proceedings,  is  appended  to  this  report  as  Appendix  I. 
The  salient  features  of  this  research  are  reviewed  very  briefly  here.  The 
experiments  attempted  to  characterize  the  carbon  discharge  and  the  aluminum 
pump  plasma  in  as  much  detail  as  possible.  Electron  density  and  tempera¬ 
ture  were  measured  and/or  estimated  in  both  plasmas.  A  detailed  collisional 
radiative  code  was  written  for  the  n=3,  4,  and  5  levels  in  CII,  using  atomic 
data  provided  by  Dr.  W.  L.  Morgan  of  Lawrence  Livermore  Labs.  For  the 
given  density  and  temperature  in  the  carbon  discharge,  it  was  found  that 
collisional  coupling  between  the  n=3,  4,  and  5  levels  in  CII  was  so  strong 
as  to  prevent  the  build-up  of  a  population  inversion  of  the  pumped  5d  level. 
Mr.  James  Trebes  completed  the  writing  of  his  Ph.D  dissertation  on  this 
topic  and  left  Yale  in  May  1984  to  take  up  employment  at  Lawrence  Livermore 


Labs,  where  he  is  active  in  their  x-ray  laser  program.  Mr.  Trebes  success¬ 
fully  defended  his  dissertation  in  September  1984  and  was  awarded  the  Ph.D 
degree  in  December  1984. 

One  outgrowth  of  Trebes'  research  was  the  identification  of  a  new 
class  of  photo-excited  lasers  in  Be-like  ions.  This  new  class  of  lasers  is 
described  in  an  Applied  Physics  Letter,  "Proposed  new  class  of  optically 
pumped,  quasi-cw,  ultraviolet  and  extreme  ultraviolet  lasers  in  the  Be 
isoelectronic  sequence,"  Mahadevan  Krishnan  and  James  Trebes,  Appl.  Phys. 
Lett.  45^,  189  (1984).  This  letter  is  included  as  Appendix  II. 

Detailed  design  considerations  for  these  lasers  were  analyzed  and 
presented  at  the  Boulder  Meeting  in  March  1984.  These  results  were  also 
published  in  the  AIP  Conference  Proceedings  as  cited  below. 

"Design  Consideration  for  Optically  Pumped,  Quasi-cw,  UV  and 
XUV  Lasers  in  the  Be  Isoelectronic  Sequence,"  Mahadevan 
Krishnan  and  James  Trebes,  in:  Laser  Techniques  in  the 
Extreme  Ultraviolet  (OSA,  Boulder,  Colorado,  1984),  S.E. 

Harris  and  T.B.  Lucatorto,  Eds.  (AIP,  New  York,  1984), 
p.  514. 

This  paper  is  also  included  as  Appendix  III  for  ready  reference. 

Finally,  in  June  1984,  Dr.  Hayrettin  Kilic  joined  the  group  as  a 
Postdoctoral  Associate  Research  Scientist.  Since  June  1984,  a  graduate 
student,  Mr.  Niansheng  Oi,  the  Principal  Investigator,  and  Dr.  Kilic  have 
conducted  tests  of  the  first  of  the  proposed  new  lasers,  CIII  pumped  by 
MnVI.  An  immediate  and  exciting  result  was  the  observation  of  fluorescence 

O 

enhancements  in  CIII  at  2177  A  by  up  to  a  factor  of  150:1.  These  results 
are  summarized  in  a  paper  entitled,  "Observed  Enhanced  Fluorescence  at 
2177,  2163,  1923,  and  1620.  A  in  CIII  by  photo-excitation  with  MnVI  Line 
Radiation  at  310  A,"  by  Niansheng  Qi,  Hayrettin  Kilic,  and  Mahadevan 


Krishnan,  which  will  be  published  in  the  March  1,  1985  issue  of  Applied 
Physics  Letters.  A  preprint  is  included  as  Appendix  IV  for  convenient 

reference. 


III.  PERSONNEL  AND  PRESENTATIONS/PUBLICATIONS 


Personnel : 

Mahadevan  Krishnan,  Principal  Investigator 
Hayrettin  Kilic,  Associate  Research  Scientist 

James  Trebes,  graduate  student  (left  Yale  in  May  1984),  Ph.D  awarded 
December  1984 

Niansheng  Qi,  graduate  student 


Presentations ; 

"Optically  Pumped  Short  Wavelength  Lasers,"  Atomic  Physics  Seminar, 

Yale  University,  February  1,  1984. 

"UV  Fluorescence  by  Optical  Pumping  with  Line  Radiation,"  Poster 
Session,  2nd  Topical  Meeting  on  Laser  Techniques  in  the  Extreme 
Ultraviolet,  Boulder,  CO,  March  5-7,  1984. 

"Proposed  New  Class  of  Optically  Pumped,  Quasi-cw,  UV  and  XUV  Lasers 
in  the  Be  Isoelectronic  Sequence,"  Poster  Session,  2nd  Topical 
Meeting  on  Laser  Techniques  in  the  Extreme  Ultraviolet,  Boulder,  CO, 
March  5-7,  1984. 

"A  Proposed  New  Class  of  Optically  Pumped,  Be-like  Lasers  at  UV  to 
Soft  X-ray  Wavelengths,"  Lawrence  Livermore  Labs,  Livermore,  CA, 

June  20,  1984. 

"Proposed  New  Lasers  in  the  Be-isoelectronic  Sequence:  Preliminary 
Results  in  the  UV,"  Lawrence  Berkeley  Labs,  University  of  California, 
Berkeley,  CA,  June  21,  1984. 

"Short  Wavelength  Lasers:  Research  and  Applications,"  Summer  Research 
Program  Colloquium,  Yale  University,  July  11,  1984. 

"Proposed  New  Lasers  in  the  Be-isoelectronic  Sequence:  Preliminary 
Results  in  the  UV,"  Princeton  Plasma  Physics  Lab,  Princeton,  NJ, 
September  11,  1984. 

"Short  Wavelength  Lasers,"  Physics  International  Co.,  San  Leandro,  CA, 
Octoher  4,  1984. 
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Presentations  (Cont ' d) : 

"Design  Considerations  for  Optically  Pumped,  Quasi-cw,  UV  to  Soft  X-ray 
Lasers  in  Be-like  Ions,"  Poster  Session,  Annual  Meeting  of  the  APS 
Plasma  Physics  Division,  Boston,  MA,  October  29-November  4,  1984.  (A 
copy  of  the  abstract  is  included  in  Appendix  V). 

"Observation  of  Enhanced  Fluorescence  at  UV  Wavelengths  in  CUT  by 
Optical  Pumping  with  MnVI  Line  Radiation,"  Poster  Session,  Annual 
Meeting  of  the  APS  Plasma  Physics  Division,  Boston,  MA,  October  29- 
November  4,  1984.  (A  copy  of  the  abstract  is  included  in  Appendix  V.) 

"Optical  Pumping  of  CIII  Ions  in  a  Magnetically  Confined  C  Plasma  Using 
MnVI  Line  Radiation  from  an  Adjacent  Mn  Plasma,"  Poster  Session,  Annual 
Meeting  of  the  .APS  Plasma  Physics  Division,  Boston,  MA,  October  29- 
November  4,  1984.  (A  copy  of  the  abstract  is  included  in  Appendix  V.) 

"Photo-Exci ted ,  Extreme  Ultraviolet  Lasers,"  Institute  for  Advanced 
Studies,  Aerospace  Technical  Center  (CTA) ,  Sao  Jose  dos  Campos,  Brazil, 
November  24,  1984. 

"Photo-Excited  Beryllium-like  Lasers  from  200-2000  A.  Preliminary 
Results  at  Yale  in  CIII  Ions  Pumped  by  MnVI  Ions,"  University  of 
Campinas,  Quantum  Electronics  Division,  Campinas,  Brazil,  December  13, 
1984. 

"Photo-Excited  Lasers  from  the  Ultraviolet  to  the  Extreme  Ultraviolet," 
Colloquium,  Mechanical  Engineering  Department,  University  of  Rochester, 
Rochester,  NY,  January  17,  1985. 


Publications : 


M.  Krishnan  and  J.  Trebes,  "Design  Considerations  for  Optically  Pumped, 
Quasi-cw,  UV  and  XUV  Lasers  in  the  Be  Isoelectronic  Sequence,"  in: 

Laser  Techniques  in  the  Extreme  Ultraviolet  (OSA,  Boulder,  Colorado, 
1934) ,  S.E.  Harris  and  T.B.  Lucatorto,  eds.  (AIP,  New  York,  1984), 
p.  514. 

J.  Trebes  and  M.  Krishnan,  "UV  Fluorescence  by  Optical  Pumping  with 
Line  Radiation,"  in:  Laser  Techniques  in  the  Extreme  Ultraviolet  (OSA, 
Boulder,  Colorado,  1984),  S.E.  Harris  and  T.B.  Lucatorto,  eds.  (AIP, 

New  York,  1984),  p.  387. 

M.  Krishnan  and  J.  Trebes,  "Proposed  New  Class  of  Optically  Pumped, 
Quasi-cw,  Ultraviolet  and  Extreme  Ultraviolet  Lasers  in  the  Be  Iso¬ 
electronic  Sequence,"  Appl.  Phys.  Lett.  45,  189  (1984). 

N.  Oi,  H.  Kilic,  and  M.  Krishnan,  "Observed  Enhanced  Fluorescence  at 
2177,  2163,  1923,  and  1620  A  in  CIII  by  Photo-Excitation  with  MnVI 
Line  Radiation  at  310  A,"  to  be  published  in  Appl.  Phys.  Lett. 

(March  1,  1985). 


Publications  (Cont 1 d) : 

M.  Krishnan  and  J.  Trebes,  "Parametric  Analysis  of  Optically  Pumped, 
Ouasi-cw,  Ultraviolet  and  Extreme  Ultraviolet  Lasers  in  the  Be  Iso- 
electronic  Sequence,"  in  preparation. 
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UV  FLUORESCENCE  BY  OPTICAL  PUMPING  WITH  LINE  RADIATION 

James  Trebes  and  Mahadevan  Krishnan 
Yale  University,  New  Haven,  Connecticut  06520 

ABSTRACT 

Optical  pumping  of  CII  ions  in  a  vacuum  arc  discharge  using 
A£III  ions  in  a  laser  produced  plasma  is  described.  The  CII, 

2p-5d,  560.437  X  transition  was  selectively  pumped  by  line  radia¬ 
tion  from  the  Ai.III,  3p-5s  transition  at  560.433  X.  The  wavelength 
mismatch  is  less  than  the  Doppler  width  of  the  A2.III  line.  Four 
transitions  in  CII,  from  the  5d,  5f,  4s,  and  2p2  levels  were  stud¬ 
ied  simultaneously  to  examine  the  collisional-radiative  redistri¬ 
bution  of  the  pumped,  5d  population.  Electron  density  and  tempera¬ 
ture  were  measured  in  the  C  plasma.  The  AJL  plasma  was  character¬ 
ized  by  measurements  and  numerical  modeling  in  order  to  estimate 
the  intensity  of  the  Ai.HI  pump  line.  A  collisional-radiative  mod¬ 
el  of  the  CII  level  populations  was  constructed  with  the  measured 
density  and  temperature  as  inputs.  Comparison  of  this  model  with 
the  measurements  allows  discussion  of  the  feasibility  of  building 
a  UV  laser  with  such  a  pumping  scheme. 

INTRODUCTION 

Among  the  many  approaches  to  the  production  of  short  wave¬ 
length  population  inversions  is  that  of  optical  pumping  with  line 
radiation.  In  this  approach,  intense  line  radiation  in  one  ion 
species  is  used  to  pump  a  nearly  coincident  transition  from  the 
ground  state  to  a  highly  excited  state  In  another  ion  species.  The 
pumped,  upper  level  may  then  be  inverted  with  respect  to  lower  ly¬ 
ing  levels.  A  survey  of  prior  research  in  this  field  is  given  in 
a  companion  paper  in  these  proceedings.*  Recently,  the  work  of 
Hagelstein2  has  motivated  an  experimental  program3  to  test  the 
feasibility  of  pumping  soft  X-ray  lasers  with  such  a  scheme. 

Trebes  and  Krishnan^*3  have  demonstrated  UV  fluorescence  by  the 
combined  effects  of  optical  pumping  and  collisional  transfer.  This 
paper  presents  experimental  results  of  the  simultaneous  measurement 
of  enhanced  fluorescence  on  four  different  transitions  in  CII,  cor¬ 
responding  to  four  distinct  upper  states,  when  only  one  of  these 
states  was  optically  pumped  with  AX.III  line  radiation.  Also  pres¬ 
ented  are  measurements  and  estimates  of  electron  density  and  temp¬ 
erature  in  the  C  plasma  as  well  as  the  A£  pump  plasma.  These  meas¬ 
urements  enabled  the  development  of  a  multi-level,  collisional-ra¬ 
diative  model  for  CII.  The  experimental  observations  are  discussed 
in  light  of  the  model.  Prospects  for  building  a  UV  laser  are  dis¬ 
cussed  . 


Published  in:  Laser  Techniques  in  the  Extreme  Ultraviolet  (OSA, 
Boulder,  Colorado,  1984),  S.E.  Harris  and  T.B. 
Lucatorto,  Eds.  (AIP,  Now  York,  1984),  p.387. 
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FLUORESCENCE  MEASUREMENTS 

This  section  begins  by  describing  the  experimental  apparatus 
and  characterizing  the  carbon  discharge  plasma.  Then  the  measure¬ 
ments  of  fluorescence  are  described. 

Figure  1  is  a  schematic  diagram  of  the  experimental  apparatus. 
The  carbon  plasma  is  produced  in  a  laser  initiated  vacuum  arc,  be¬ 
tween  the  negative  carbon  cathode  and  a  grounded  carbon  anode  as 
shown.  Two  C02  TEA  lasers  are  used.  Laser  I  is  focused  on  the 
cathode  and  triggers  a  vacuum  arc  discharge.  The  power  supply  for 
this  discharge  is  a  pulse- forming  network  with  an  external,  imped¬ 
ance  matching  resistor.  A  typical  oscillogram  of  discharge  cur¬ 
rent  vs  time  is  shown  in  Fig.  2a.  The  flat-topped  current  dura¬ 
tion  is  about  60  ps.  Figures  2b,  2c,  2d,  and  2e  show  typical  line 
radiation  vs  time  from  lines  of  Cl,  CII,  CIII,  and  CIV  at  wave¬ 
lengths  indicated  on  the  figures.  Cl  radiation  is  present  only 
during  the  rising  portion  of  the  current  pulse  and  after  decay  of 
the  pulse.  The  CII  and  CIII  radiation  exhibits  quasi-steady  be¬ 
havior,  but  the  CIV  intensity  is  seen  to  decrease  during  the  lat¬ 
ter  portion  of  the  discharge,  although  the  current  is  constant. 

Such  a  decrease  may  be  due  to  a  decrease  in  electron  temperature 
in  the  constant  current  arc,  which  in  turn  may  be  caused  by  dynam¬ 
ic  effects.  Based  on  these  observations,  it  was  decided  to  at¬ 
tempt  optical  pumping  of  the  C  plasma  at  a  time  of  40-45  ps  after 
arc  initiation,  when  quasi-steady  conditions  were  observed. 

The  aluminum  pump  plasma  was  produced  by  focusing  Laser  II 
after  the  selected  delay  of  typically  43  ps,  onto  an  A£  rod  target, 
shown  in  Fig.  1.  To  ensure  reproducibility,  the  Ai.  rod  was  re¬ 
placed  after  every  ten  laser  shots.  With  each  new  target,  five 
shots  were  fired  to  clean  the  target  surface  and  then  data  were 
obtained  with  the  next  5  shots.  Earlier  experiments4’5  had  shown 
that  the  5d  level  in  CII  was  pumped  by  A£III,  560.433  A  line  ra¬ 
diation  from  the  adjacent  A Z  laser  produced  plasma.  Furthermore, 
the  optical  excitation  was  shown  to  be  collisionally  transferred 
to  the  5f,  higher  angular  momentum  level.  Enhanced  fluorescence  o 
was  measured  on  the  5d-3p  and  5f-3d  transitions  at  2138  and  2993  A, 
respectively.  The  primary  motivation  for  the  experiments  described 
in  this  paper  was  to  unravel  the  collisional-radiative  kinetics  in 
CII,  following  selective  optical  pumping.  Toward  this  end,  four 
different  wavelengths  in  CII  were  monitored  simultaneously.  The 
wavelengths  selected  are  shown  in  Fig.  3.  The  2138  A  and  2993  A 
lines  were  expected  to  show  enhanced  fluorescence  due  to  optical 
pumping  as  before.  The  3920  A  line  would  show  fluorescence  only 
if  the  4s  upper  state  were  strongly  coupled  by  collisions  and  ra¬ 
diative  transitions  to  the  5d  level.  The  1335  A  line  stems  from 
an  n  =  2  level  which  is  much  lower  in  energy  than  the  5d  and  4s 
levels.  Furthermore,  the  2p2  upper  state  of  this  line  is  not  ac¬ 
cessible  by  dipole,  single  electron  transitions  from  the  n  =  5  or 
n  =  4  shells.  Therefore  no  fluorescence  was  expected  at  the 
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Fig.  2.  Discharge  current  and  carbon  line  emission  vs  time  in  the 
laser-initiated  vacuum  arc:  a)  Current  12.5  kA/DIV,  b) 
Cl,  2148  X  line  intensity,  c)  CII,  1335  X  line  intensity, 
d)  CIII,  2297  X  line  intensity,  and  e)  CIV,  1548  A  line 
intensity.  The  time  scale  is  20  ps/DIV. 

1335  X  wavelength. 

Figure  4  shows  a  Grotrian  diagram  of  AiHI.  A  .25  m  Jarrel- 
Ash  monochromator  was  used  to  monitor  the  AJ.III,  3713  X  transition 
in  the  laser  produced  A l  plasma.  This  wavelength  was  chosen  be¬ 
cause  direct  measurement  of  the  5p-3s,  560  X  pump  transition  was 
hampered  by  inadequate  resolution  of  the  XUV  spectrometer,  as  dis¬ 
cussed  later.  It  can  be  shown  that  the  5s  upper  state  of  the 
3713  X  line  and  the  5p  state  are  strongly  coupled  by  collisions 
in  an  expanding,  laser  produced  plasma.5  Therefore  the  intensity 
of  the  3713  X  line  does  provide  a  measure  of  the  duration  and  rel¬ 
ative  intensity  of  the  560  X  pump  line. 


isJ2s?2p  Cl  GROUND 


Fig.  3.  Partial  Grotrian  diagram  of  CII,  showing  the  wavelengths 
studied. 

Fi6ure  5  shows  the  arrangement  of  the  spectrometers  used  to 
monitor  the  five  wavelengths  discussed  above.  All  spectrometers, 
with  the  exception  of  the  Jarrel-Ash,  were  focused  onto  the  same 
local  plasma  region,  15  nun  downstream  of  the  cathode,  along  the 
discharge  axis.  The  Jarrel-Ash  was  focused  to  a  region  2  mm  down¬ 
stream  of  the  AH  disc  along  the  laser  plasma  axis. 

In  the  first  series  of  experiments,  a  fixed  discharge  current 
of  3.4  kA  was  arbitrarily  chosen  and  the  A £  plasma  was  produced 
43  us  after  discharge  initiation.  Ideally,  the  electron  tempera¬ 
ture  in  the  carbon  plasma  should  be  such  that  the  ground  state 
population  of  CII  is  high,  while  the  excited  state  population  of 
the  5d  level  is  low.  Since  it  was  difficult  to  directly  measure 
the  CII  ground  state  population,  the  optimum  discharge  configura¬ 
tion  was  not  established. 

The  observed  fluorescence  is  shown  in  Fig.  6.  Figure  6a 
shows  three  traces.  The  upper  trace  shews  the  CII,  2138  X  inten¬ 
sity,  the  middle  trace  the  CII,  2993  A  intensity,  and  the  lower 
trace  the  A.'.III,  3713  A  intensity  vs  time.  Significant  enhanced 
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To  summarize  the  experimental  measurements,  optical  pumping 
of  CII  with  AiHI  line  radiation  was  studied  by  examining  simulta¬ 
neously  four  different  wavelengths  in  CII.  Enhanced  fluorescence 
was  observed  from  the  pumped  5d  level  as  well  as  from  the  neigh¬ 
boring  5f  level.  In  addition,  fluorescence  was  also  observed  from 
the  4s  and  2p2  levels.  The  4s  level  was  probably  fed  by  colli¬ 
sions  from  the  n  =  5  shell  whereas  the  2p2  level  was  probably 
collisionally  excited  from  the  CII  ground  state  by  electrons  from 
the  laser  plasma.  The  electron  density  in  the  C  arc  was  measured 
to  be  1.5  x  1015  cm-3.  The  electron  temperature  was  estimated  to 
be  3.3  eV.  The  Ailll,  560  X  pump  line  radiation  was  found  to  per¬ 
sist  for  up  to  3  ps  in  the  laser  produced  plasma.  In  the  next 
section,  the  collisional-radiative  kinetics  of  the  optically  pump¬ 
ed  CII  ions  are  examined.  The  experimental  observations  are  com¬ 
pared  with  the  model  and  the  feasibility  of  pumping  a  laser  using 
such  a  scheme  is  discussed. 

COLLISIONAL-RADIATIVE  KINETICS  IN  CII 

Using  the  measured  density  and  temperature  as  inputs,  a  colli- 
sional-radiative  model  was  developed  for  CII.  This  model,  describ¬ 
ed  in  detail  in  Trebes,6  included  for  a  given  level:  collisional 
excitation  and  de-excitation,  collisional  ionization,  radiative 
and  three-body  recombination  from  the  C1II  ground  state,  and  di¬ 
pole  allowed  radiative  transitions.  The  energy  levels  and  some 
oscillator  strengths  were  obtained  from  standard  references.11*12 
Other  oscillator  strengths  and  various  rate  coefficients  were  ob¬ 
tained  from  Morgan.13  The  model  developed  allows  calculation  of 
the  distribution  of  the  populations  in  many  levels,  subsequent 
to  the  selective  optical  pumping  of  the  5d  level.  Some  results 
are  shown  in  Fig.  14.  Figure  14a  shows  the  energy  levels,  some 
allowed  transitions  and  their  radiative  lifetimes  in  ns.  From  the 
radiative  lifetimes  indicated  in  Fig.  14a,  it  appears  that  the 
5f-3d  transition  at  2993  A  is  a  potential  candidate  for  a  quasi-cw 
laser,  since  the  5f  radiative  lifetime  is  much  longer  than  the  3d 
radiative  lifetime.  However,  one  major  drawback  is  the  strong 
coupling  of  the  3d  lower  level  with  the  CII  ground  state,  which 
can  lead  to  optical  trapping  of  the  3d-2p,  800  X  radiation.  From 
the  modified  coronal  model,  the  CII  ground  state  density  was  esti¬ 
mated  to  be  6.7  x  10 14  cm-3,  for  the  measured  ne  and  Tg.  For  this 
ground  state  density,  the  optical  depth  at  line  center  of  the  tran¬ 
sition  is  27.2,  for  an  assumed  transverse  plasma  dimension  of  1  cm. 
Using  the  Holstein  escape  factor,14  the  modified  lifetime  of  the 
3d  level  is  1*  ns.  Since  this  modified  lifetime  is  still  shorter 
than  the  radiative  lifetime  of  the  5f  level,  quasi-cw  lasing  is 
possible,  but  if  the  transverse  plasma  dimension  is  higher  or  if 
the  CII  ground  state  density  is  slightly  higher,  then  optical  trap¬ 
ping  increases  the  lifetime  of  the  3d  level  to  a  value  higher  than 
the  5f  lifetime,  thus  destroying  the  possibility  of  a  quasi-cw 
laser  at  2993  X.  A  second  deleterious  consequence  of  the  rather 
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high  ne  and  Te  in  the  carbon  plasma  is  that  collisional  rates  are 
high  enough  to  tend  to  thermalize  the  n  =  3,  4,  and  5  shells  in 
CII.  Figure  14b  shows  the  collisional  ionization  rates  for  the 
n  *  5  levels,  the  collisional  transfer  rates  between  these  levels, 
and  some  de-excitation  rates  for  the  transitions  considered  in 
Fig.  14a.  From  the  figure,  it  is  observed  that  the  collisional 
transfer  time  from  5d  to  5f  is  short  compared  to  the  5d  radiative 
lifetime.  This  is  desirable  in  order  to  transfer  the  pumped  elec¬ 
trons  in  the  5d  to  the  5f,  potential  upper  laser  level.  However, 
the  figure  also  shows  that  collisional  ionization  from  the  5u  and 
5f  levels  proceeds  as  rapidly  as  the  collisional  transfer.  Fur¬ 
thermore,  the  collisional  de-excitation  times  for  the  5d  and  the 
5f  levels  are  an  order  of  magnitude  or  mere  shorter  than  the  radi¬ 
ative  lifetimes.  This  means  that  the  optically  pumped  5d  popula¬ 
tion  is  rapidly  distributed  by  collisions  to  the  other  levels  in 
the  n  =  4  and  5  shells,  as  well  as  to  higher  lying  levels  and  the 
CIII  ground  state.  It  is  clear  that  conditions  in  the  carbon 
plasma  are  not  optimal  for  a  5f-3d  laser,  since  selective  optical 
pumping  of  the  5d  level  is  not  accompanied  by  collisional  transfer 
exclusively  to  the  5f  level.  Another  conclusion  that  may  be  drawn 
from  the  above  analysis  of  collisional  rates  is  that  for  a  given 
strength  of  the  optical  pumping,  enhanced  fluorescence  should  be 
seen  simultaneously  on  several  transitions  from  the  high  lying 
levels  of  CII,  since  the  collisional  coupling  times  between  levels 
are  orders  of  magnitued  shorter  than  the  3  ps  duration  of  optical 
pumping.  This  conclusion  is  verified  by  the  observed  fluorescence 
at  3920  X  from  the  4s  level,  discussed  earlier. 

The  above  discussion  has  revealed  much  of  the  kinetics  of  the 
CII  ions  without  regard  to  the  actual  strength  of  the  optical  pump. 
Using  the  estimate  of  the  lower  bound  of  the  A£1II,  5p  population 
of  1  x  1012  cm-3,  it  is  possible  to  estimate  the  degree  of  en¬ 
hanced  fluorescence  expected  from  the  pumped  5d  level.  With  the 
CII  ground  state  density  of  6.7  x  lO14  cm-3,  convolution  of  the 
AiHI  and  CII  Doppler  line  shapes  and  inclusion  of  the  solid  angle 
subtended  by  the  observed  volume  to  the  A£  plasma  yields6  an  ex¬ 
pression  for  the  lower  bound  of  the  optical  pump  late: 

Pump  Rate  =  9.7  x  1011  _ 1  x  Afl  x  n^  x  I  (2) 

/  T,  T_ 

A  £  C 

where  T^jj  and  Tq  are  the  ion  temperatures  of  A£  and  C,  respective¬ 
ly  ,  L^j,  is  the  effective  A£  plasma  dimension.  Aft  the  solid  angle 
subtended  by  the  pumped  carbon  volume  to  the  A£  plasma,  n5p  is  the 
lower  bound  estimate  of  the  A£III,  5p  population,  A^..^  is  the 
560  A  transition  probability  and  I'  is  a  numerical  estimate  of  the 
convolution  integral  of  the  two  Doppler  line  shapes.  For  the 
conditions  discussed  throughout  this  paper,  the  lower  bound  of  the 
pump  rate  is  determined  to  be  1019  electrons/cm3  s.  For  the  5d 
level,  the  sum  of  all  possible  collisional  and  radiative  de-exci- 
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g.  14.  Radiative  and  collisional  times  for  transitions  in  CII. 
a)  Radiative  lifetimes  (in  ns)  and  b)  collisional 
ionization  and  de-excitation  times  (in  ns),  for  selected 
transitions  in  CII. 
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Fig.  13.  Time-resolved  A2.III  line  intensities  in  laser  produced 
plasma:  a)  AJLIII,  4p-3s,  696  X  intensity  vs  time; 
b)  continuum  background;  c)  Ai-III,  5p-3s,  560  A  inten¬ 
sity  vs  time;  d)  continuum  background.  The  lower 
trace  in  a  and  c  is  the  signal  from  the  photon  drag 
detector  which  samples  the  Co2  laser. 

ground  continuum,  measured  5  X  from  line  center.  Figure  13c  shows 
the  560  X  intensity  vs  time,  and  Fig.  13d  shows  the  background 
continuum,  5  X  from  line  center.  In  each  case,  the  figure  shows  a 
superposition  of  three  laser  shots  on  the  photograph.  The  lower 
trace  on  Figs.  13a  and  13c  is  the  output  of  a  photon  drag  detector 
which  samples  a  portion  of  the  Co  laser  beam.  Both  696  X  and 
560  X  1  ine  radiation  signals  emerge  above  the  continuum  background 
for  about  3  ys.  This  time  duration  is  consistent  with  the  obser¬ 
vation  of  enhanced  fluorescence  also  for  3  ys.  In  conclusion,  the 
lack  of  an  absolutely  calibrated  XUV  spectrometer  as  well  as  the 
non-equilibrium  expansion  of  the  laser  plasma  made  it  impossible 
to  accurately  estimate  the  pump  line  intensity. 
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Fig.  12.  AS.III,  3713  X  line  intensity  vs  time,  for  several 
axial  positions  downstream  of  the  A£  target,  along 
the  target  normal. 


times  in  the  plasma  expansion  is  further  verified  in  Fig.  12, 
which  shows  the  AJIIII,  3713  X  intensity  vs  time,  for  several  posi¬ 
tions  downstream.  The  intensity  is  highest  for  distances  less 
than  3  cm  at  times  less  than  3  ys.  The  above  detailed  description 
of  the  Ai.III,  3713  X  line  intensity  indicates  the  presence  of 
excited  states  of  AJIIII  in  the  rapidly  expanding  laser  produced 
plasma.  Direct  measurement  of  the  A21II,  560  X  line  shape  was  not 
possible  because  the  1.5  A  resolution  of  the  XUV  spectrometer  was 
about  150  times  larger  than  the  estimated  Doppler  width  of  the 
560  X  line.  Even  to  detect  this  line,  therefore,  the  line  inten¬ 
sity  must  be  150  times  higher  than  that  of  the  continuum  back¬ 
ground.  Time- resol ved  intensity  measurements  of  the  560  X  as  well 
as  the  At.Il I ,  ip-3s,  696  X  line  are  shown  in  Fig.  13.  Figure  13a 
shows  the  696  X  intensity  vs  time,  while  Fig.  13b  shows  the  back- 
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Fig.  11.  Excitation  temperature  derived  from  the  A£III 

3713/3601  X  line  ratio  plotted  as  a  function  of 
time  and  of  distance  downstream  from  the  Al  target. 

after  the  laser  pulse,  reaches  a  maximum  and  then  decreases.  This 
anomalous  behavior  persists  for  up  to  3  us  at  distances  up  to  3  cm 
downstream.  The  cause  of  this  anomaly  is  optical  trapping  of  the 
3601  X  radiatio:  which  causes  an  increase  in  intensity  of  the 
3601  A  1  ine  and  results  in  an  anomalously  low  temperature  derived 
from  the  line  ratio.  At  greater  distances  downstream  and  for 
later  times  in  the  expansion,  the  plasma  density  is  sufficiently 
low  that  the  3601  X  line  is  optically  thin  and  the  derived  temp¬ 
erature  decreases  with  time  as  expected.  The  density  of  the  3d 
level  required  to  give  an  optical  depth  of  unity  at  3601  X  is 
found  to  be  1  x  10^ 3  cm-3,  for  an  ion  temperature  of  1  eV.  With 
this  lower  bound,  and  assuming  that  the  excitation  temperature  is 
11  eV  (based  on  the  line  ratios),  the  lower  bound  on  the  5s  and 
5p  densities  is  found  to  be  1  x  10*3  cm-3.  For  distances  less 
than  3  cm  and  times  shorter  than  3  ys,  the  densities  are  clearly 
higher.  The  persistence  of  intense,  A1III  radiation  for  such  long 
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modified  coronal  equilibrium  model. *  The  coronal  equilibrium  also 
gives  a  CII/C1II  ground  state  ratio  of  1  at  the  same  temperature 
of  3.25  eV.  The  uncertainty  in  the  measurement  translates  to  a 
temperature  uncertainty  of  ±0.25  eV.  At  the  measured  temperature 
of  3.25  eV,  Fig.  10  shows  that  there  is  a  negligible  fraction  of 
CIV  in  the  plasma.  At  3.4  kA,  the  resonance  line  of  CIV  at  1548  X 
could  not  be  detected. 

To  recapitulate,  the  carbon  discharge  plasma  was  found  to 
have  an  electron  density  of  1  x  10* 5  cm~3  and  an  electron  tempera¬ 
ture  of  3.25  ±  0.25  eV.  Under  these  conditions,  the  n  =  5  levels 
of  CII  are  in  thermodynamic  equilibrium  with  the  CIII  ground 
state,  thus  causing  the  optical  excitation  of  the  5d  level  to  be 
rapidly  distributed  by  collisions  over  a  large  number  of  higher 
levels.  Population  inversions  and  lasing  on  the  5d-3p  and  5f-3d 
transitions  are  therefore  difficult  to  achieve.  In  the  next 
section,  the  Ail  pump  plasma  is  examined  with  a  view  to  estimating 
the  560  X  pump  line  intensity. 

PUMP  LINE  INTENSITY 

In  these  experiments,  it  was  not  possible  to  measure  directly 
the  density  and  temperature  of  the  laser  produced  plasma  or  to 
measure  the  absolute  intensity  of  the  pump  transition.  However, 
some  measurements  were  made  which  together  with  numerical  modeling 
allowed  a  reasonable  estimate  to  be  made  of  the  560  A  pump  radia¬ 
tion.  The  initial  temperature  of  the  AH  plasma  was  determined  by 
using  an  empirical  relation9  based  on  the  laser  focal  spot  inten¬ 
sity  on  the  AH  target.  The  temperature  was  found  to  be  'vlO  eV. 

The  initial  density  at  a  distance  of  0.1  mm  downstream  of  the  tar¬ 
get  surface  was  estimated  as  5  x  10*8  cm-3,  based  on  measurements 
of  Tonon  and  Rabeau18  in  a  similar  plasma.  At  this  density  and 
temperature,  the  modified  coronal  model*  predicts  that  most  of  the 
ions  will  be  in  charge  states  higher  than  AH.III .  The  AHIII  must 
therefore  be  formed  in  the  expansion  phase  of  the  laser  produced 
plasma.  This  expansion  leads  to  a  rapid  decrease  in  density  and 
temperature,  such  that  "freezing"  of  the  populations  occurs,  with  the 
resultant  charge  state  distribution  characterized  by  an  effective 
temperature  which  is  much  higher  than  the  local  electron  tempera¬ 
ture.  Such  a  non-equilibrium  expansion  makes  it  hard  to  interpret 
spectroscopic  measurements  in  the  expansion  phase  of  the  plasma. 

One  approach  to  determining  the  temperature  was  by  measuring 
the  relative  intensity  of  the  3713  X,  5s-4p  and  3601  X,  4p-3d 
transitions  in  AHIII  (see  Fig.  4).  If  the  collisional  coupling 
rates  between  the  5s  and  4p  levels  greatly  exceed  the  radiative 
rate,  then  the  two  levels  are  in  collisional  equilibrium  and  the 
3713/3601  line  ratio  yields  an  excitation  temperature  for  AHIII. 

It  is  shown6  that  this  is  the  case  for  ne  >  1  x  10*6  cm-3.  The 
excitation  temperatures  obtained  as  a  function  of  time  at  various 
axial  positions  downstream  of  the  target  surface  are  plotted  in 
Fig.  11.  Curiously,  the  temperature  appears  to  increase  well 
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mination  of  the  ratio  of  the  ground  level  populations  of  CII  and 
CIII,  as  a  function  of  temperature.  Independently,  a  modified 
coronal  equilibrium  calculation  also  yields  the  ratio  of  the 
ground  level  populations  of  CII  and  CIII,  as  a  function  of  temp¬ 
erature.  The  intersection  of  these  two  independent  functions  then 
yields  the  electron  temperature.  The  transitions  chosen  were  at 
2478  X  in  Cl  and  2993  X  in  CII.  The  measured  intensity  ratio  of 
2993/2478  was  27,  at  50  ys  after  discharge  initiation.  This  ratio 
corresponds  to  a  CII/CIII  ground  state  ratio  of  1,  at  a  tempera¬ 
ture  of  3.25  eV.  Figure  10  shows  the  relative  abundance  of  the 
different  carbon  charge  states  vs  temperature,  as  derived  from  the 


Fig.  10.  Relative  abundance  of  C  charge  states  vs  temperature, 
obtained  from  a  modified  coronal  equilibrium  calcula¬ 
tion.  ne  =  1  x  1015  cm-3. 


Fig.  9.  Hg  line  intensity  vs  wavelength  in  the  C  discharge.  The 
curve  through  the  measured  points  is  a  convolution  of  a 
Stark  profile  with  a  Doppler  profile. 

ducible  data  were  obtained  by  cleaning  the  entire  cathode  assembly 
after  every  30  shots.  The  measured  Hg  line  intensities  at  3.4  kA, 
at  50  ps  after  arc  initiation  are  shown  in  Fig.  9.  The  curve 
through  these  points  is  a  best  fit  of  a  Stark  profile,8  convoluted 
with  a  Doppler  profile.  The  density  obtained  is  6  x  1014  cm-3, 
for  a  best  fit  temperature  of  0.4  eV.  The  dip  at  the  center  of 
the  Stark  profile  is  a  sensitive  measure  of  temperature,  because 
of  the  convolution  of  the  Doppler  profile.  For  example,  a  higher 
assumed  temperature  of  1  eV  would  completely  wash  out  the  dip. 

In  the  next  section  it  will  be  shown  that  the  temperature  in  the 
C  arc  on  the  axis  is  about  3  eV.  Modified  coronal  calculations 
show  that  the  Hg  intensity  is  very  sensitive  to  temperature.6  It 
would  appear  therefore  that  the  measured  Hg  signals  originated 
predominantly  from  outer  regions  of  the  arc,  where  the  temperature 
is  lower.  The  measured  density  of  6  x  1034  cm-3  is  thus  a  lower 
bound  and  consistent  with  the  earlier  estimate  of  1.2  x  1035  cm-3, 
from  the  scaling  law  of  Keren  and  Hirshfield.7 

ELECTRON  TEMPERATURE  MEASUREMENT 

At  densities  of  'vl  x  1035  cm-3  and  temperatures  of  ^3  eV,  it 
can  be  shown6  that  high  lying  levels  of  Cl  and  CII  are  in  thermo¬ 
dynamic  equilibrium  with  the  ground  levels  of  CII  and  CIII,  re¬ 
spectively.  Measurement  of  the  relative  intensities  of  transi¬ 
tions  from  such  higher  levels  in  Cl  and  CII  thus  leads  to  a  deter- 
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Fig.  8.  C  discharge  with  an  adjacent  Mg  laser  produced  plasma: 

a)  intensity  vs  time  of  CII,  2138  and  2993  A  lines,  and 
A5.III,  3713  A  line;  b)  intensity  vs  time  of  CII,  3920 
and  1335  A  lines,  and  A£III,  3713  A  line.  8c)  and  d) 
same  lines  as  in  a  and  b,  but  with  no  C  discharge,  to 
show  spurious  background  signals  due  to  Mg  laser  produced 
plasma  alone. 

3. A  kA.  To  corroborate  this  estimate,  hydrogen  atoms  were  intro¬ 
duced  into  the  arc  and  the  Stark  width  of  the  Hg  line  was  meas¬ 
ured.  The  hydrogen  was  introduced  by  arranging  three  segments  of 
polyethylene  on  the  surface  of  the  boron  nitride  insulator 
(Fig.  1).  The  2  m  Ebert  spectrometer  was  used  for  these  measure¬ 
ments,  with  a  resolution  of  0.2  A.  The  Stark  profile  was  measured 
by  scanning  a  photomultiplier  across  the  focal  plane  at  0.2  A  in¬ 
tervals.  Ten  shots  were  fired  at  each  wavelength  and  the  average 
line  intensity  was  recorded.  To  ensure  reproducibility  of  the 
data,  the  Lya,  1216  A  line  intensity  and  the  CII,  1335  A  line  in¬ 
tensity  were  monitored  simultaneously  with  the  Hg  signal.  Repro- 
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Fig.  7.  Data  of  Fig.  6a  and  6b  displayed  on  two  timescales  of 
20  ps /DIV  and  2  ps/DIV,  respectively. 

ELECTRON  DENSITY  MEASUREMENT 

Electron  density  in  a  laser-initiated  carbon  vacuum  arc  simi¬ 
lar  to  that  used  in  these  experiments  was  measured  by  Keren  and 
Hirshfield,7  by  measuring  the  refraction  of  a  far-infrared  laser 
beam  after  propagation  through  the  plasma.  For  a  cathode  identical 
to  that  used  here,  but  with  the  vacuum  vessel  walls  serving  as 
anode,  ne  was  measured  for  discharge  currents  I  from  2  to  8  kA. 

The  measurements  were  fit  to  a  power  law  dependence  on  current, 
viz. : 


ne  =  3  x  1014  I1'9  cos$/r2-4  (1) 

where:  r  is  the  radius  in  cm  and  <p  is  the  angle  from  the  discharge 
axis.  For  a  radius  of  1.5  cm  in  these  experiments,  the  above  for¬ 
mula  gives  a  density  on  axis  of  1.2  x  1013  cm-3,  for  a  current  of 


from  each  other. 

The  preceding  discussion  has  shown  that  in  the  carbon  dis¬ 
charge,  selective  optical  pumping  to  the  5d  level  is  accompanied 
by  strong  coupling  of  the  pumped  level  to  other  levels  in  the 
n  =  5  and  n  =  4  shells.  It  is  possible  that  the  n  =  3  levels  are 
also  coupled  to  higher  levels.  Such  coupling  is  not  conducive  to 
producing  population  inversions  at  the  2138  and  2993  X  UV  wave¬ 
lengths.  A  detailed,  collisional-radiative  model  must  be  con¬ 
structed  to  examine  such  coupling.  Necessary  inputs  to  such  a 
model  are  the  electron  density  ne  and  electron  temperature  Te  in 
the  carbon  plasma.  Experiments  were  performed  to  measure  these 
parameters.  The  results  are  described  in  the  next  two  sections. 
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Fig.  4.  Partial  Grotrian  diagram  of  A£III. 

fluorescence  is  observed  on  both  CII  lines,  coincident  with  the  A l 
plasma.  Figure  6b  shows  the  CII,  3920  X  intensity  (upper  trace) 
and  the  CII,  1335  X  intensity  (middle  trace)  vs  time.  The  lower 
trace  is  again  the  AS.III,  3713  X  intensity.  It  is  observed  that 
both  of  these  CII  wavelengths  also  show  enhanced  fluorescence  due 
to  the  A l  plasma.  To  ensure  that  the  observed  fluorescence  was 
not  due  to  continuum  or  to  the  wings  of  neighboring  A£.  lines  from 
the  Ai  plasma  leaking  into  the  spectrometers,  the  experiments  were 
repeated  with  no  carbon  discharge  and  only  the  AS,  laser  produced 
plasma.  The  results  are  shown  in  Figs.  6c  and  6d.  Some  spurious 
background  does  appear,  but  the  observed  fluorescence  in  Figs.  6a 
and  6b  is  larger  than  this  background  for  all  four  wavelengths. 

The  observed  fluorescence  at  1335  A  was  puzzling,  since  the 
2p2  upper  state  is  not  directly  coupled  to  the  upper  levels.  How¬ 
ever,  this  state  is  strongly  coupled  to  the  CII  ground  state  by  a 
dipole  allowed  transition.  It  was  possible  that  electrons  from 
the  denser  and  hotter  Ai  plasma  collisionally  excited  this  transi¬ 
tion.  This  conjecture  was  supported  by  the  different  time  scale 
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tation  rates  as  well  as  the  collisional  ionization  rate  is  IQ10  s-1. 
Thus  the  steady  state  population  enhancement  of  the  5d  level  by 
optical  pumping  is  108  cm-3  or  higher.  In  the  absence  of  optical 
pumping,  the  5d  population  is  estimated  from  the  collisional-radi- 
ative  model  to  also  be  about  108  cm-3.  These  estimates  imply  that 
the  enhanced  fluorescence  should  be  comparable  to  the  spontaneous 
emission  from  the  5d  level.  If  the  pump  line  intensity  is  up  to 
a  factor  of  ten  higher  than  the  estimated  lower  bound,  the  en¬ 
hanced  fluorescence  should  then  be  a  factor  c  f  ten  above  the 
spontaneous  emission.  In  the  earlier  measurements4'5  and  in  this 
work,  the  observed  fluorescence  was  always  between  one  and  ten 
times  the  spontaneous  emission,  in  agreement  with  the  predictions 
of  the  model.  In  addition,  the  model  predicts  that  the  degree  of 
enhancement  at  the  2993  A  wavelength  should  be  lower  than  that  at 
2138  A,  since  only  a  fraction  of  the  enhanced  5d  population  is 
transferred  to  the  5f  level.  This  is  also  in  agreement  with  the 
experimental  observations. 

To  summarize,  a  detailed  examination  of  the  collisional-radi- 
ative  kinetics  in  C1I  has  revealed  that  the  density  and  tempera¬ 
ture  in  the  carbon  plasma  are  far  from  ideal  for  creating  a  popu¬ 
lation  inversion.  Collisions  dominate  the  kinetics  and  cause 
strong  coupling  between  the  n  =  3,  4,  and  5  levels,  as  well  as 
higher  levels.  Thus,  although  the  optical  pumping  is  selective, 
the  pumped  population  is  dispersed  over  many  channels. 

CONCLUSION 

A  detailed  experimental  and  theoretical  study  has  been  made 
of  optical  pumping  in  CII  ions  using  AJtlll  line  radiation.  This 
study  has  shown  that  although  the  optical  pumping  itself  is  selec¬ 
tive,  the  pumped  5d  population  in  CII  is  dispersed  into  many  com¬ 
peting  channels  by  collisional  and  radiative  processes.  Also,  the 
strong  collisional  coupling  between  levels  in  the  n  =  3,  4,  and  5 
shells  renders  it  difficult  to  sustain  an  inversion  between  5f  and 
3d,  a  potential  laser  transition.  Optical  trapping  also  increases 
the  3d  lifetime  and  further  contributes  to  spoiling  the  chance  for 
an  inversion.  These  deleterious  effects  may  be  alleviated  some¬ 
what  by  a  better  choice  of  density  and  temperature  for  the  carbon 
plasma.  For  example,  as  ne  is  reduced,  the  collisional  rates  for 
various  decay  channels  out  of  the  5d  level  are  all  proportionally 
reduced.  For  ne  =  1013  cm-3,  the  5d-5f  electron  collisional 
transfer  time  is  300  ns,  which  is  still  short  compared  to  the 
optical  pumping  duration  of  3  ps.  For  transitions  within  a  given 
shell,  particularly  when  the  energy  gap  is  very  small  compared  to 
the  temperature,  the  ion  collisional  transfer  rate  can  sometimes 
exceed  the  electron  collisional  rate.  For  the  5d-5f  transition, 
ion  collisions  are  more  important  than  electron  collisions.8  Thus 
the  collisional  transfer  time  is  even  less  than  300  ns.  At  this 
ne,  5d-3p  radiative  decay  is  ten  times  as  rapid  as  collisional 
ionization  or  collisional  de-excitation.  If  the  collisional 
transfer  time  from  5d-5f  is  comparable  with  the  5d-3p  radiative 
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decay,  up  to  50"  of  the  optically  pumped  5d  population  may  be 
transferred  to  5f.  Also,  at  this  lower  ne,  the  CII  ground  state 
density  is  lower,  and  optical  trapping  of  the  3d  level  is  avoided. 
Finally,  the  5f-3d  radiative  decay  is  then  five  times  as  rapid  as 
collisional  de-excitation  via  5f-4d.  Therefore  a  population  in¬ 
version  may  be  produced  between  5f  and  3d.  It  is  important  to 
point  out  that  although  the  CII  ground  state  density  is  only 
6.7  x  1012  cm-3,  if  only  10%  of.  the  ground  state  is  optically 
pumped  to  the  5d  level,  then  the  5f  population  would  be  about 
3.0  x  1011  cm-3.  At  2993  A,  this  corresponds  to  a  small  signal 
gain  of  .1  cm-1.  If  the  gain  medium  is  10  cm  in  length,  the  re¬ 
sultant  net  gain  is  quite  sufficient  to  sustain  oscillation  in  a 
cavity. 

In  retrospect,  the  CII-A£III  combination  was  chosen  because 
of  the  good  coincidence  between  the  pump  and  absorption  line  wave¬ 
lengths.  In  these  experiments,  the  plasma  conditions  were  not  op¬ 
timized  for  lasing.  The  CII  plasma  was  too  dense  and  hot,  while 
the  A£III  pump  species  were  produced  in  the  non-equilibrium  expan¬ 
sion  of  a  laser  produced  plasma  under  conditions  far  from  ideal 
for  maximizing  the  pump  line  intensity.  Nevertheless,  some  en¬ 
hanced  fluorescence  was  observed,  with  only  1  x  10-6  of  the  CII 
ground  state  being  pumped  to  the  5d  level.  Under  optimized  condi¬ 
tions,  10%  or  more  of  the  ground  state  population  may  be  pumped 
to  the  5d  level  and  a  very  high  gain  laser  is  possible.  These 
arguments  are  tempered  by  the  observation  that  the  major  stumbling 
block  of  this  particular  ion  combination  is  the  unfavorable  energy 
level  structure  of  the  CII  ion.  Firstly,  the  pumped  5d  level  is 
too  close  to  the  C1II  ground  state  and  thus  readily  ionized.  Sec¬ 
ondly,  the  n  =  4  levels  are  close  to  the  n  =  5  levels  and  strongly 
coupled  to  them  by  superelastic  collisions.  Finally,  since  the  3d 
lower  level  of  the  potential  laser  transition  is  directly  coupled 
to  the  ground  state,  optical  trapping  is  a  serious  concern.  A 
better  approach  to  producing  a  laser  using  optical  pumping  with 
line  radiation  would  consider  both  the  line  coincidences  as  well 
as  the  atomic  level  structure  of  the  pumped  ion.  Just  such  con¬ 
siderations  have  led  to  the  proposal  of  a  new  class  of  optically 
pumped  lasers  in  Be-like  ions.  These  schemes  are  described  in  a 
companion  paper  in  these  proceedings.1 
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Intense  line  radiation  from  plasmas  of  Mn  VI,  P  IX,  A1  V,  A1  VIII,  A1 IX,  and  A1  XI  may  be  used 
to  selectively  pump  population  inversions  in  plasmas  of  C  III,  N  IV,  F  VI,  Ne  VII,  Na  VIII,  and 
Mg  IX.  Quasi-cw  lasing  is  possible  on  4p-7>d  and  4/-3d  transitions  at  wavelengths  2 1 77-230  A.  At 
the  extreme  ultraviolet  wavelengths,  1-J,  10-ns  laser  output  pulses  at  10“  W  power  levels  are 
shown  possible  with  existing  discharge  and  laser  technology. 


Optical  pumping  with  line  radiation  uses  intense  line 
radiation  from  a  source  medium  to  selectively  pump  a  nearly 
coincident  transition  from  the  ground  state  in  an  adjacent 
medium.  Population  inversions  are  then  possible  between 
the  pumped  level  and  other  intermediate  levels.  Fluores¬ 
cence  and  lasing  have  been  demonstrated  at  infrared  and 
visible  wavelengths  using  such  selective  optical  pumping. 1-1 
Ultraviolet  (UV)  fluorescence  using  pumping  with  extreme 
ultraviolet  (XUV)  line  radiation  has  recently  been  demon¬ 
strated.4-5  Soft  x-ray  laser  schemes  have  also  been  pro¬ 
posed6  7  and  studied  experimentally.8  This  letter  describes  a 
proposed  new  class  of  optically  pumped,  quasi-cw,  UV  and 
XUV  lasers  in  six  ions  of  the  Be  isoelectronic  sequence.  The 
possible  wavelengths  range  from  2177  to  230  A  in  C  III, 
N  IV,  F  VI,  Ne  VII,  Na  VIII,  and  Mg  IX.  In  Be-like  ions, 
the  4p-3d  and  4/-3 d  transitions  have  favorable  lifetime  ra¬ 
tios  for  sustaining  cw  laser  oscillation.  Selective  population 
of  the  4 p  and  4/ states  could  thus  lead  to  a  new  class  of  UV 
and  XUV  lasers  not  considered  earlier.  This  letter  describes 
how  intense  line  radiation  from  an  ion  species  in  one  plasma 
may  be  used  to  resonantly  pump  Be-like  ions  in  an  adjacent 
plasma  from  the  2 s2  ' S  ground  state  to  the  2s4p  'P°  upper 
state.  Lasing  is  then  possible  on  the  \p  'P°-3d  'D  transition, 
with  the  3 d  lower  level  decaying  rapidly  to  the  3 p  and  2 p 
levels.  Figure  1  shows  the  relevant  energy  levels  in  C  III.  At 
appropriate  electron  densities  and  temperatures  in  the  Be¬ 
like  plasmas,  collisions  rapidly  transfer  the  4p  'P°  excitation 
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C  IS  GROUND 


FIG  I  Energy  levels  in  C  III  Optical  pumping  of  the  2.?"  'S-ls4p  'P"  tran¬ 
sition  is  accompanied  by  collisional  transfer  to  the  4 p  4 </,  and  4/  levels 

Quasi-cw  lasing  is  possible  on  the  4 p-Id  and  4/-.W  transitions 


to  the  4 p  '/* 0  and  the  4d  and  4/  levels.  Lasing  is  therefore  also 
possible  on  the  4 p  iP°-5d  *D  and  4/-3d  (singlet  and  triplet) 
transitions,  as  shown  in  Fig.  1.  Table  I  lists  selected  optical 
pumps  for  ions  of  the  Be-like  isoelectronic  sequence.  In  each 
pump  ion  the  pump  transition  is  optically  allowed  and  ter¬ 
minates  on  one  of  the  ground  state  configurations,9  allowing 
for  the  creation  of  an  optically  thick  and  intense  pump  line. 
Table  I  also  lists  selected  laser  wavelengths  from  4p-5d  and 
4f-ld  transitions.  ’ 

Optical  pumping  with  line  radiation  is  best  achieved  by 
using  two  distinct  plasmas,  with  only  line  radiation  at  a  se¬ 
lected  frequency  propagating  from  the  pump  plasma  into  the 
pumped,  lasing  medium.  Careful  design  of  the  plasma  pro¬ 
duction  scheme  is  necessary  to  avoid  collisional  and  other 
interactions,  which  can  spoil  the  selectivity  of  the  optical 
pumping  and  destroy  the  inversion.  Laser  produced  plasma 
designs810  for  soft  x-ray  lasers  in  He  and  H-like  ions  have 
produced  plasmas  with  densities,  temperatures,  and  ioniza¬ 
tion  levels  equal  to  or  greater  than  those  required  for  the 
schemes  proposed  here.  High  voltage  pulse  discharges  "-i: 
are  also  suitable  media.  Specific  experimental  configurations 
are  described  in  detail  elsewhere. 11  This  letter  focuses  on  the 
physics  of  the  optical  pumping  and  shows  that  high  gain, 
long  pulse  lasers  from  UV  to  XUV  wavelengths  are  possible 
with  existing  laser  and  pulse  discharge  technology. 

In  general,  the  two  plasmas  require  distinctly  different 
densities  and  temperatures.  The  pump  ion  density  and  tem¬ 
perature  must  be  high  enough  to  maximize  the  pump  line 
intensity  and  overcome  the  wavelength  mismatch  between 
the  pump  and  absorption  wavelengths  by  Doppler  broaden¬ 
ing.  The  temperature  and  density  of  the  pumped  plasma 


TABLE  I  Optical  pumps  for  the  2s"  'S-ls4p  'P"  transition  in  Be-like  ions, 
and  typical  wavelengths  of  possible  laser  transitions,  4p-3 d  and  4 /-3d. 
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species 

Zr~2s4p 

wavelength 

iAi 

Pump 

ion 

4p-Id 

laser 

wavelength 

I  Al 

4f-id 

laser 

wavelength 

IAI 

C  III 

310.17 

Mn  VI 

2177 

2163 

N  IV 

107.23 

PIX 

1284 

1079 

F  VI 

99,203 

Al  V 

554 

513 

Ne  VII 

75  765 

Al  VIII 

404 

360 

Na  VIII 

59  759 

Al  IX 

308 

285’ 

Mg  IX 

48.34 

Al  XI 

250“ 

230* 

’Scaled  hydrogemcally 
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DESIGN  CONSIDERATIONS  FOR  OPTICALLY  PUMPED,  QUASI-CW,  UV  AND  XUV 
LASERS  IN  THE  Be  ISOELECTRONIC  SEQUENCE 

Mahadevan  Krishnan  and  Janes  Trebes 
Yale  University,  New  Haven,  Connecticut  06520 

ABSTRACT 

Intense  line  radiation  from  plasmas  of  MnVI,  PU,  AiV,  AiVIII, 
AilX,  and  AiXI  may  be  used  to  selectively  pump  population  inver¬ 
sions  in  plasmas  of  Be-like  CIII,  NIV,  FVI,  NeVII,  NaVIII,  and 
MgLX.  Quasi-cw  lasing  is  possible  on  4p-3d  and  4f-3d  transitions 
at  wavelengths  from  2177  X  to  230  X.  At  the  XUV  wavelengths,  1  J, 
10  ns  laser  output  pulses  at  10®  W  power  levels  are  shown  possible 
with  existing  discharge  technology.  Since  all  six  laser  ions  are 
in  the  Be  isoelectronic  sequence,  detailed  studies  of  the  optical 
pumping  process  at  UV  wavelengths  in  CIII  would  provide  scaling 
parameters  for  the  less  accessible  XUV  wavelengths. 

INTRODUCTION 

The  concept  of  optical  pumping  with  line  radiation  predates 
the  invention  of  the  laser  by  three  decades.3*2  Optical  pumping 
with  line  radiation  uses  intense  line  radiation  from  a  source  me¬ 
dium  to  selectively  pump  a  nearly  coincident  transition  from  the 
ground  state  to  an  excited  state  in  an  adjacent  medium.  The 
pumped  level  may  then  be  inverted  with  respect  to  lower  levels. 

In  1930,  Boeckner2  described  fluorescence  In  Csl  which  was  selec¬ 
tively  pumped  by  3889  X  line  radiation  from  a  Helium  discharge 
lamp.  Jacobs,  et  al.3  measured  optical  amplification  of  about  4% 
at  3.2  p  in  Csl  using  such  direct  optical  pumping,  and  subsequent¬ 
ly  Rabinowitz,  et  al.4  constructed  a  Csl  laser  oscillator  at 
7.19  y.  Following  these  pioneering  achievements  at  infrared  wave¬ 
lengths,  the  concept  of  selective  optical  pumping  of  population 
inversions  using  line  radiation  has  not  been  extended  to  visible 
wavelengths  because  of  the  lack  of  suitable  line  coincidences  and 
the  relative  ease  and  flexibility  of  other  pumping  mechanisms 
such  as  direct  collisional  excitation  or  excitation-transfer.  In 
the  course  of  the  development  of  short  wavelength  laser  media,  the 
old  concept  of  selective  optical  pumping  using  line  radiation  re- 
emerged  in  1975,  when  Vinogradov,  Sobelman,  and  Yukov5  and  Norton 
and  Peacock6  proposed  the  use  of  x-ray  line  radiation  in  one  ion 
species  to  pump  inversions  at  soft  x-ray  wavelengths  in  another 
ion  species.  Matthews,  et  al.7  have  identified  several  other  opti¬ 
cally  pumped  soft  x-ray  laser  schemes  and  are  exploring  some  of 
these  schemes  experimentally.  Trebes  and  Krishnan®*®  demonstrated 
UV  fluorescence  due  to  optical  pumping  and  excitation  in  CII  ions 
in  a  vacuum  arc  discharge,  using  A£III  line  radiation  from  a  laser 
produced  plasma.  In  a  companion  paper  in  these  proceedings , J 0  the 
collisional-radiative  kinetics  in  the  pumped  CII  ions  are  described 
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in  detail  and  the  feasibility  of  lasing  at  UV  wavelengths  is  dis¬ 
cussed. 

This  paper  examines  design  criteria  for  a  proposed  new  class 
of  optically  pumped,  quasi-cw,  UV  and  XUV  lasers  in  six  ions  of 
the  Be  isoelectronic  sequence.  The  possible  wavelengths  range 
from  2177  X  to  230  X  in  CIII,  NIV,  FVI,  NeVII,  NaVIII,  and  Mg IX. 

In  1964,  McFarlane11  reported  laser  oscillation  on  the  3p-3s  tran¬ 
sitions  in  CIII  at  4647.45  and  4650.16  X,  and  in  NTV  at  3478.67 
and  4097.32  X.  Elton*2  discussed  the  feasibility  of  extending 
these  3p-3s  ion  lasers  into  vacuum  ultraviolet  wavelengths.  The 
3p-3s  transitions  were  chosen  both  because  of  the  favorable  life¬ 
time  ratio  of  these  levels  and  because  strong  collisional  excita¬ 
tion  of  the  3p  upper  level  is  possible  from  the  2s  ground  state 
of  the  Be-like  ions.  An  important  feature  of  ions  of  the  Be  iso¬ 
electronic  sequence  is  that  in  addition  to  the  3p-3s  transitions, 
the  4p-3d  and  4f-3d  transitions  also  have  favorable  lifetime  ra¬ 
tios12  for  sustaining  cw  laser  oscillation.  Selective  population 
of  the  4p  and  4f  states  could  thus  lead  to  a  new  class  of  XUV  and 
soft  x-ray  lasers  not  considered  earlier.  This  paper  describes 
how  intense,  line  radiation  from  an  ion  species  in  one  plasma  may 
be  used  to  resonantly  pump  Be-like  ions  in  an  adjacent  plasma 
from  the  2s2  ground  state  to  the  2s4p  *P°  upper  state.  Lasing 
is  then  possible  on  the  4p  *P°  —  3d  *D  transition,  with  the  3d 
lower  level  decaying  rapidly  to  the  3p  and  2p  levels.  Figure  1 
shows  the  relevant  energy  levels  in  CIII.  At  appropriate  electron 
densities  and  temperatures  in  the  Be-like  plasmas,  collisions 
rapidly  transfer  the  4p  1P°  excitation  to  the  4p  3P°  and  the  4d 
and  4f  levels.  Lasing  is  therefore  also  possible  on  the  4p  3P°  — 
3d  3D  and  4f-3d  (singlet  and  triplet)  transitions,  as  shown  in 
Fig.  1. 


PUMP  CANDIDATES  FOR  Be-LIKE  IONS 

The  first  requirement  of  an  optically  pumped  laser  is  the 
availability  of  a  line  in  some  ion  species  which  is  nearly  coin¬ 
cident  in  wavelength  with  the  absorption  transition  in  the  pumped 
species.  Such  a  pump  line  should  be  intense  so  that  the  stimu¬ 
lated  absorption  excites  a  large  fraction  of  the  ground  state  pop¬ 
ulation  to  the  upper  laser  level.  To  achieve  this,  it  is  desirable 
that  the  pump  plasma  medium  be  optically  thick  at  the  pump  line 
wavelength.  When  the  upper  level  of  the  pump  transition  is  in 
LTE  with  the  ground  state,  the  pump  plasma  radiates  like  a  black- 
body  at  this  wavelength.  In  essence,  one  can  create  a  population 
ratio  of  excited  state  to  ground  state  in  the  pumped  plasma  which 
is  characterized  by  the  temperature  of  the  pumping  plasma  rather 
than  the  temperature  of  the  pumped  plasma.  If  the  temperature  of 
the  pumped  plasma  is  much  lower  than  that  of  the  pumping  plasma, 
strong  inversions  may  be  produced.  This  feature  combined  with 
selectivity  are  advantages  of  optical  pumping  over  three-body  re¬ 
combination  pumping  or  collisional  pumping  in  which  many  levels 
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Fig.  1.  Energy  levels  in  CIII.  Optical  pumping  of  the  2s2  *S  — 
2s4p  1P°  transition  is  accompanied  by  collisional  trans¬ 
fer  to  the  4p  3P°,  4d  and  4f  levels.  Quasi-cw  lasing  is 
possible  on  the  4p-3d  and  4f-3d  transitions. 

are  pumped.  In  He-like  and  Be-like  ions  in  particular,  electron 
collisional  pumping  with  a  thermal  distribution  will  tend  to  popu¬ 
late  the  3p  levels  as  well  as  the  4p  levels.  Collisional  transfer 
from  3p  to  3d  can  then  destroy  the  inversions. 

Table  I  lists  selected  optical  pumps  for  ions  of  the  Be-like 
isoelectronic  sequence.  OV  is  omitted  because  a  suitable  pump  was 
not  found.  In  each  pump  ion  the  pump  transition  is  optically  al¬ 
lowed  and  terminates  on  one  of  the  ground  state  configurations. 14 
This  allows  for  the  creation  of  an  optically  thick  and  intense 
pump  line.  Table  I  also  lists  selected  laser  wavelengths  from 
4p-3d  and  4f-3d  transitions.  Laser  wavelengths  from  the  UV  to  the 
XUV  region  are  possible  with  these  schemes.  He-like  ions7  extend 
the  concept  to  soft  x-ray  wavelengths. 

Optical  pumping  with  line  radiation  is  best  achieved  by  using 
two  distinct  plasmas,  with  only  line  radiation  at  a  selected  fre- 
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TABLE  I:  Optical  pumps  for  the  2s2  —  2s4p  1P°  transition  in 

Be-like  ions,  and  typical  wavelengths  of  possible  laser 
transitions,  4p-3d  and  4f-3d. 
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quency  propagating  from  the  pump  plasma  into  the  pumped,  la  sing 
medium.  In  practice,  the  proximity  of  the  two  plasmas  results  in 
collisional  and  other  interactions  as  well,  which  can  spoil  the 
selectivity  of  the  optical  pumping  and  destroy  the  inversion.  To 
minimize  these  extraneous  interactions,  an  experimental  arrange¬ 
ment  is  proposed  which  consists  of  two  coaxial  discharges  imbedded 
in  a  strong  axial  magnetic  field,  as  shown  in  Fig.  2.  The  lasing 
medium  is  produced  by  an  arc  discharge  between  hollow  electrodes, 
with  N,  F,  and  Ne  introduced  as  gases  through  one  electrode.  C, 
Na,  and  Mg  plasmas  may  be  produced  by  vacuum  arc  discharges  from 
electrodes  composed  of  these  species.  The  outer,  pump  plasma  may 
be  generated  by  an  exploding  wire  array  or  by  a  vacuum  arc  between 
electrodes  composed  of  the  pump  element.  As  shown  in  Fig.  2,  an 
insulating  barrier  is  interposed  between  the  plasmas  to  prevent 
radial  breakdown  between  the  electrodes.  Furthermore,  the  strong 
axial  magnetic  field  acts  to  confine  the  plasmas  and  minimizes  ra¬ 
dial  interactions  between  them.  The  use  of  two  separate  electri¬ 
cal  networks  to  generate  the  two  plasmas  allows  independent  con¬ 
trol  over  the  plasma  parameters.  In  general,  the  two  plasmas  re¬ 
quire  distinctly  different  densities  and  temperatures. 

The  pump  ion  density  and  temperature  must  be  high  enough  to 
render  the  pump  plasma  optically  thick  to  the  pump  line,  in  order 
to  maximize  its  intensity.  The  high  temperature  is  also  necessary 
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Fig.  2.  Schematic  diagram  of  proposed  coaxial  discharge  arrange¬ 
ment  . 

to  overcome  the  wavelength  mismatch  between  the  pump  and  absorp¬ 
tion  wavelengths  by  Doppler  broadening.  For  the  pumped  plasma, 
since  the  ground  state  of  the  pumped  ion  is  the  primary  source  of 
the  population  inversion,  the  ion  (and  hence  electron)  density 
should  be  as  high  as  possible  to  maximize  gain  but  low  enough  to 
avoid  optical  trapping  of  the  lower  laser  level  and  collisional 
depletion  of  the  upper  laser  levels.  Such  depletion  can  occur  by 
excitation,  ionization,  and  by  super-elastic  de-excitation.  The 
temperature  of  the  pumped  plasma  must  be  low  enough  to  minimize 
collisional  depletion  of  the  inversion,  while  maintaining  the  de¬ 
sired  ground  state  density  of  the  laser  ions.  In  general,  these 
disparate  requirements  are  best  met  by  creating  two  separate  plas¬ 
mas.  Laser  produced  plasmas  are  also  suited  to  these  optical 
pumping  schemes,  since  they  enable  the  production  of  plasmas  with 
a  wide  range  of  densities  and  temperatures,  corresponding  to  dif¬ 
ferent  laser  wavelengths  and  pulse  durations.  Two  separate  lasers 
are  ideal.  If  a  single  laser  beam  is  used  to  produce  both  plas¬ 
mas,  careful  target  design  is  required  to  satisfy  the  disparate 
requirements.  Figure  3  shows  one  suggested  experimental  configu¬ 
ration  for  laser  produced  plasmas.  The  incident  laser  beams  are 
focused  to  two  separate  line  foci  by  two  cylindrical  lenses 
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frozen  onto  a  substrate  as  shown  by  Dixon  and  Elton.15  The  im¬ 
portant  feature  of  the  design  suggested  in  Fig.  3  is  the  step  in 
the  composite  target.  Laser  I  is  first  fired  onto  the  lower  step 
to  produce  the  plasma  which  is  the  potential  lasing  medium.  This 
laser  produced  plasma  expands  rapidly  from  the  target  surface  and 
recombines  in  a  non-equilibrium  manner,-16  such  that  the  resultant 
charge  state  distribution  is  characterized  by  a  temperature  much 
higher  than  the  local  electron  temperature.  VThen  this  expanding 
plasma  arrives  at  the  plane  of  the  A£  surface,  it  is  possible  to 
have  a  significant  population  of  the  pumped  ions  while  at  the 
same  time  the  electron  temperature  _s  low.  Laser  II  is  delayed 
with  respect  to  Laser  I  by  the  time  that  it  takes  the  pumped  plas¬ 
ma  to  reach  the  A£  surface  plane.  A  single  laser  beam  may  be 
split  into  two  beams,  with  one  beam  delayed  with  respect  to  the 
other.  The  depth  of  the  step  in  the  target  and  the  delay  then 
provide  two  independent  parameters  with  which  to  achieve  optimal 
plasma  conditions  for  optical  pumping.  The  A£  surface  plasma  is 
dense  and  hot,  so  as  to  maximize  the  intensity  of  the  pump  line. 
Optical  pumping  is  detected  along  the  optical  axis  as  shown  in 
the  figure.  A  symmetric  arrangement  is  also  possible  in  which  two 
line  foci  are  used  on  either  side  of  the  pumped  medium  in  order  to 
improve  the  pumping  efficiency.  The  specific  requirements  of  the 
two  distinct  plasmas  required  are  now  addressed  in  some  detail. 

PUMP  PLASMA  REQUIREMENTS 

One  requirement  of  the  pump  plasma  is  that  the  fractional 
wavelength  mismatch,  AA/Xp,  where  AX  is  the  difference  between  the 
pump  line  wavelength  Xp  and  the  2s2  —  2s4p  absorption  wavelength, 
be  less  than  the  fractional  Doppler  width  of  the  pump  line  AXjj/Xp. 
This  is  so  as  to  avoid  recourse  to  relative  streaming  motion  of 
the  two  plasmas  or  very  high  opacities6  in  order  to  overcome  great¬ 
er  mismatches. 

To  estimate  the  pump  ion  temperature  a  modified  coronal  equi¬ 
librium  calculation  was  carried  out  for  each  pump  species,  at  an 
electron  density  determined  by  the  requirement  that  the  pump  plas¬ 
ma  be  opaque  (optical  depth  =  2)  at  the  pump  wavelength.  Higher 
densities  lead  to  higher  opacities,  for  which  only  the  outer  re¬ 
gions  of  the  pump  plasma  contribute  to  the  pump  radiation  field. 

The  coronal  model  includes  for  each  ion  species:  collisional  ioni¬ 
zation,  three-body  recombination  and  radiative  recombination.  For 
carbon,  di-electronic  recombination  was  also  included  and  was  found 
to  influence  the  results.  For  the  other  ions,  the  electron  densi¬ 
ties  are  sufficiently  high  that  collisional  modification  of  the 
di-electronic  rates  is  significant,  and  accurate  rates  are  not  a- 
vailable.  Comparison  of  results  without  inclusion  of  di-electronic 
recombination  with  similar  calculations  which  include  this  proc¬ 
ess1"  revealed  little  difference  over  the  range  of  densities  and 
temperatures  considered.  A  typical  charge  state  distribution  in 
an  A£  plasma  is  shown  in  Fig.  4,  for  an  electron  density  of 
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1  x  1018  cm-3.  Consider,  for.  example,  the  A£IX  charge  state,  to 
be  used  as  a  pump  for  NaVIII.  Figure  4  shows  that  this  charge 
state  is  dominant  at  temperatures  between  65  eV  and  85  eV.  Be¬ 
cause  the  distribution  is  double  valued,  there  are  two  tempera¬ 
tures  at  which  the  opacity  is  the  same.  The  higher  of  the  two 
temperatures  is  preferable  because  it  maximizes  the  pump  line  in¬ 
tensity.  Thus  for  this  case  the  incident  laser  pulse  width  and 
focal  power  density  should  be  adjusted  to  produce  a  surface  plasma 
consisting  mostly  of  A£IX  at  a  temperature  of  85  eV.  Temperatures 
were  similarly  determined  for  the  other  pump  ions  and  are  listed 
in  Table  II.  Also  shown  in  the  Table  are  the  quantities  AX/Xp 
and  AXjj/Xp,  defined  above.  For  each  candidate  pair  except  NeVII  - 
A£VIII,  tne  Doppler  width  of  the  pump  line  is  greater  than  the 
mismatch,  allowing  for  good  optical  coupling.  In  A£VIII,  the  mis¬ 
match  is  about  1.5  Doppler  widths.  Increasing  the  opacity  of  the 
A£  plasma  would  broaden  the  line  further  and  overcome  the  mismatch. 
A  second  requirement  of  the  pump  plasma  is  that  the  pump  line  in¬ 
tensity  must  be  high  enough  so  that  the  characteristic  time  for 
optical  pumping  by  stimulated  absorption  be  shorter  than  the  ra¬ 
diative  lifetime  of  the  4p  level.  Then  a  large  fraction  of  the 
ground  state  population  is  optically  pumped  to  the  upper  laser 
levels . 


TABLE  II:  The  fractional  wavelength  mismatch  between  the  pump 
line  and  the  2s2  —  2s4p  line  in  the  lasing  ion  is 
compared  with  the  fractional  Doppler  half  width  of 
the  pump  line.  The  pump  ion  temperature  is  deter¬ 
mined  by  a  coronal  equilibrium  calculation. 
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Fig.  4.  Charge  state  distribution  in  an  Aluminum  plasma,  obtained 
from  a  modified  coronal  equilibrium  model.  The  electron 
density  is  10^  8  cm-3. 

To  show  this,  consider  the  rate  equation  for  the  optically 
pumped  upper  level,  viz.: 


dnu  =  “  fa  "uVilu  1 

dt  \  8U  / 


~  nu 


where  nu,  n£,  gu,  and  g£  are  the  densities  and  statistical  weights 
of  the  upper  and  lower  levels,  respectively,  I  is  the  pump  line 
intensity  integrated  over  the  line  profile  and  over  solid  angle, 
and  B  and  A  are  the  Einstein  coefficients.  Equation  (1)  is  writ¬ 
ten  assuming  that  the  upper  level  lifetime  is  determined  predomi¬ 
nantly  by  radiative  decay  to  ground.  In  steady-state: 
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where  v  and  T  are  the  pump  line  frequency  and  blackbody  tempera¬ 
ture,  respectively.  Equation  (3)  shows  that  when  hv/k.T  <<  1,  the 
populations  approach  the  ratio  of  their  respective  statistical 
weights.  Such  a  strong  pump  condition  is  not  satisfied  by  all  of 
the  pump  lines  chosen,  but  significant  optical  pumping  is  still 
possible.  For  example,  in  MnVI,  the  coronal  estimate  of  T  =  25  eV 
and  hv  *  AO  eV.  For  these  conditions,  if  the  pump  line  is  ab¬ 
sorbed  over  4tt  steradians,  nu/n^  =  0.6  in  CIII.  Similarly,  in  the 
AJLXI  plasma,  T  =  130  eV  and  hv  =  256  eV.  Now  nu/n^  =  0.A  in  MglX. 
While  these  ratios  are  less  than  the  maximum  possible  ratio  of  3 
for  the  2s-4p  absorption  transition,  they  are  still  quite  suffi¬ 
cient  to  produce  high  gain  lasers,  as  discussed  further  below.  In 
summary.  Table  II  shows  that  at  temperatures  typical  of  the  pump 
plasmas,  the  wavelength  mismatch  is  readily  overcome  and  the  pump 
line  intensity  is  sufficient  to  pump  a  large  fraction  of  the 
ground  state  population  to  the  2s4p  upper  state. 


REQUIREMENTS  OF  THE  PUMPED  MEDIUM 


Turning  now  to  the  pumped  medium,  for  each  of  the  laser  ions, 
the  temperature  Te  was  first  determined  from  the  coronal  equilib¬ 
rium.  Figure  5  shows  a  charge  state  distribution  in  a  sodium 
plasma  at  a  density  of  1  x  10^  7  cm"^.  The  NaVIII  ions  are  found 
to  be  abundant  between  45  and  65  eV.  In  this  case,  the  lower  of 
these  two  temperatures  is  chosen  so  as  to  minimize  deleterious 
electron  collisional  effects  on.  the  optical  pumping.  The  tempera¬ 
tures  appropriate  to  the  other  laser  ions  were  similarly  deter¬ 
mined.  These  values  of  T0  are  listed  in  column  two  of  Table  III. 
An  upper  bound  on  the  electron  density  was  determined  by  consider¬ 
ing  four  processes  which  could  destroy  the  inversion:  optical 
trapping  of  the  3d-2p  line,  collisional  ionization  from  the  pump¬ 
ed  levels,  collisional  de-excitation  from  the  upper  laser  level, 
and  collisional  excitation  of  the  3p  level  from  the  ground  state 
followed  by  transfer  to  the  3d  level.  The  most  deleterious  proc¬ 
ess  was  optical  trapping,  for  which  the  electron  density  ne  was 
determined  by  requiring  that  optical  trapping  not  increase  the  3d 
lifetime  to  more  than  the  4f  lifetime.  This  preserves  the  possi- 
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FIGURE  CAPTIONS 


Figure  1 . 

Figure  2. 


Figure  3. 
Figure  4. 


Schematic  diagram  of  the  experimental  apparatus. 

Energy  levels  in  CIII  and  CIV.  Optical  pumping  of  the  2s"  *S  -  2s  !p 
!P°  transition  is  accompanied  by  collisional  transfer  to  the  -Ip  3P°,  4d. 
and  4f  levels.  Quasi-cw  lasing  is  possible  on  the  4p-3d  and  4f-3d 
transitions. 

Observed  fluorescence  at  2177  Ain  CIII . 

Observed  fluorescence  at  1923  A  in  CIII. 


7 


REFERENCES 

1.  P.  Rabinowitz,  S.  Jacobs,  and  G.  Gould,  Appl.  Opt.  1,  513  (1902). 

2.  N.  Djeu  and  R.  Burnham,  Appl.  Phys.  Lett.  25,  350  (1974). 

3.  M.  Krishnan  and  J.  Trebes,  Appl.  Phys.  Lett.  45_,  189  (1984). 

4.  D.L.  Matthews,  P.  Hagelstein,  E.M.  Campbell,  A.  Toor,  R.L.  Kauffman. 
L.  Koppel,  W.  Halsey,  D.  Phillion,  and  R.  Price,  IEEE  J.  Quant. 

Elect.  QE-19,  1786  (1983). 

5.  P.  Hagelstein,  t'CRL  Report  No.  53100,  1981  (unpublished). 

6.  J.  Apruzese,  J.  Davis,  and  K.G.  Whitney,  J.  Phys.  B:  Atom.  Molec. 

Phys.  11,  20  (1978). 

7.  M.  Krishnan  and  J.  Trebes,  in:  Laser  Techniques  in  the  Extreme 
Ultraviolet  (OSA,  Boulder,  Colorado,  1984),  S.E.  Harris  and 
T.B.  Lucatorto,  Eds.  (AIP,  New  York,  1984),  p.  514. 

8.  J.  Trebes  and  M.  Krishnan,  in:  Laser  Techniques  in  the  Extreme 
Ultraviolet  (OSA,  Coulder,  Colorado,  1984).  S.E.  Harris  and 
T.B.  Lucatorto,  Eds.  (AIP,  New  York,  1984),  p.  387. 


ionization.  A  rough  estimate  of  the  photo-ionization  rate  is  given  by  assumiu0  that  the 
Mn  plasma  radiates  as  a  blackbody.  For  the  photo-ionization  rate  to  be  comparable  with 
the  collisional  rates  within  the  n=4  shell,  the  blackbody  temperature  required  is  about 
20  eY.  Since  the  Mn  plasma  in  the  initial  expansion  phase  has  such  a  temperature  or 
higher,  photo-ionization  of  the  4p  level  is  possible.  To  test  this  notion,  the  spectrometer 
was  tuned  to  the  CIV',  2p  2P°  -  2s  2S  resonance  line  at  1551  A.  The  upper  state  of  this 
line  is  coupled  to  the  CIV'  ground  state  by  a  strong  dipole  transition,  and  should  therefore 
reveal  an  increase  in  the  CIV  ground  state  population.  Under  conditions  identical  to 
those  described  earlier,  the  ratio  of  enhanced  fluorescence/spontaneous  emission  measured 
at  1551  A  was  about  12:1.  Such  an  increase  could  also  be  due  to  step-wise  collisional 
excitation  from  the  4p  level.  Further  research  is  needed  to  clarify  this  deleterious  process. 
One  possible  way  to  alienate  photo-ionization  is  by  creating  the  Mn  plasma  in  a  vacuum 
spark  discharge  rather  than  by  a  C02  laser.  The  vacuum  spark  discharge  may  be  tailored 
to  produce  a  plasma  consisting  predominantly  of  MnVI  ions,  at  a  density  high  enough  to 
generate  an  intense,  310  A  pump  line,  but  low  enough  to  minimize  broadband  radiation. 
With  the  laser  produced  Mn  plasma  as  a  pump,  we  have  already  observed  up  to  150:1 
enhancements  in  fluorescence  at  2177  A.  Experiments  are  underway  to  optimize  this 
fluorescence  and  to  construct  an  oscillator  at  both  this  and  the  4f-3d  wavelengths. 
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n=4  levels.  The  4d-3p  and  4f-3d  lines  were  therefore  examined  for  enhanced 
fluorescence.  At  the  4d  *D  -  3p  ’P0  wavelength  of  1620  A,  for  a  discharge  current  of 
5.6  kA,  the  ratio  of  enhanced  fluorescence  to  spontaneous  emission  observed  was  30:1. 
The  enhancement  ratio  decreased  further,  to  10:1  and  15:1  at  the  4f-3d  wavelengths  of 
2163  and  1923  A,  respectively.  Figure  4  shows  typical  data  at  1923  A,  corresponding  to 
the  4f  3F°-  3d  3D  li  ne.  Figure  4(a)  shows  the  enhanced  fluorescence  when  the  Mn  plasma 
was  created  43  /is  after  intiation  of  the  5.6  kA  C  discharge.  After  subtraction  of  the 
spurious  background  (not  shown),  the  enhancement  ratio  is  about  15:1.  Figure  4(b)  shows 
the  fluorescence  when  the  discharge  current  was  reduced  to  3.3  kA.  At  this  lower  current, 
although  the  fluorescence  remains  the  same,  the  spontaneous  emission  has  decreased 
significantly,  thus  increasing  the  enhancement  ratio. 

For  fixed  pump  plasma  and  discharge  conditions,  the  fluorescence  enhancement 
ratio  decreases  from  about  150:1  at  2177  A  to  30:1  at  1620  A  and  15:1  at  2163  and 
1923  A.  Earlier  analysis  [7)  had  shown  that  the  n=4  levels  in  CIII  should  be  driven  into 
statistical  equilibrium  on  the  time  scale  for  radiative  decay  from  4p.  Also,  the  times  for 
single-step  collisional  ionization  from  the  n=4  levels  were  found  to  be  much  longer  than 
the  radiative  lifetimes.  When  the  n=4  levels  are  in  statistical  equilibrium,  the  ratios  of 
the  4s,  4p,  4d,  and  4f  level  populations  should  be  0.0625:0.1875:0.3625:0.4375.  Hence 
most  of  the  pumped  4p  population  should  reside  in  4d  and  4f  and  the  enhancement  ratios 
for  these  levels  should  be  as  high  as  that  for  the  4p  level,  contrary  to  the  experimental 
observations.  There  are  two  possible  causes  for  this  discrepancy:  firstly,  the  C  plasma 
density  and  the  collisional  rate  coefficients  may  be  lower  than  estimated,  and  secondly, 
the  4p  level  may  be  depopulated  by  multi-step  collisional  ionization  or  by  photo- 
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above  the  baseline.  To  determine  what  fraction  of  the  observed  fluorescence  at  2177  A 
might  be  due  to  line  or  continuum  radiation  from  the  Mn  plasma  which  enters  the  field  of 
view  of  the  spectrometer,  the  C  discharge  was  turned  off  and  only  the  Mn  plasma  was 
produced.  Figure  3(d)  shows  that  under  these  conditions,  there  is  indeed  some  spurious 
background  detected  at  2177  A,  but  this  is  much  less  than  the  observed  fluorescence  from 
the  C'lll  ions.  After  subtracting  this  background  from  the  total  signal  [Fig.  3(c)]  and 
taking  the  scale  factor  into  account,  the  ratio  of  fluorescence/spontaneous  emission  at 
2177  A  is  between  100:1  and  150:1.  Figure  3(c)  actually  shows  data  from  three 
consecutive  shots  superimposed,  and  reveals  the  good  reproducibility  of  the  fluorescence. 
Figure  3(e)  shows  the  enhanced  fluorescence  with  better  temporal  resolution.  The 
fluorescence  is  observed  to  persist  for  about  1.8  /is  after  the  Mn  plasma  is  produced.  The 
radiative  lifetime  of  4p  is  5  ns.  Thus  if  the  4p  level  is  inverted  with  respect  to  the  3d 
level,  a  quasi-cw  laser  at  2177  A  is  possible.  It  might  be  argued  that  the  observed 
fluorescence  is  due  to  collisional  excitation  of  the  4p  level  in  CII1  by  hot  electrons  from 
the  laser  produced  Mn  plasma  which  expand  into  the  C  discharge.  If  this  were  the  case, 
then  a  laser  produced  Al  plasma  should  also  produce  enhanced  fluorescence.  When  an  Al 
pump  plasma  was  produced  at  the  same  location  as  the  Mn  plasma,  no  enhanced 

o  on  oo  .. 

fluorescence  was  observed.  In  addition  to  this  test,  the  C1I,  2s"  2p  "P  -  2s2p"  "D  line  at 
1335  A  was  also  examined.  Neither  the  Mn  nor  the  Al  plasma  produced  enhanced 
fluorescence  at  this  wavelength,  confirming  that  the  fluorescence  observed  at  2177  A  was 
indeed  due  to  selective  photo-excitation  by  MnVI  line  radiation. 

At  the  densities  and  temperatures  typical  of  the  carbon  arc,  it  has  been  shown  [7] 
that  electron  and  ion  collisions  rapidly  transfer  the  pumped  4p  population  to  the  other 
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focusing  Laser  I  onto  the  cathode.  At  a  distance  of  15  mm  downstream  from  the  cathode, 
the  electron  density  and  temperature  are  1013  cm’3  and  3  eV  [8],  respectively.  About  10 
/is  after  discharge  initiation,  the  pump  plasma  is  produced  by  focusing  Laser  II  onto  a  Mu 
target  on  a  rotatable  disc  as  shown  in  Fig.  1.  The  focal  spot  of  the  laser  is  7  mm  off  axis 
from  a  point  15  mm  downstream  from  the  cathode.  Spontaneous  emission  and  enhanced 
fluorescence  in  CIII  were  measured  by  a  vacuum  ultraviolet  spectrometer  which  imaged  a 
0.1  x  2  mm  region  on  the  discharge  axis  at  the  15  mm  downstream  location. 

A  partial  energy  level  diagram  of  CIII  and  CIV  is  shown  in  Fig.  2.  The 

2s  *S  -  4p  'P°  transition  at  310.17  A  is  resonantly  pumped  by  310.182  A  line  radiation 

from  MnVI  ions  in  the  laser  produced  plasma.  The  Doppler  width  of  the  MnVI  line  at  a 

•  * 

temperature  of  30  eV  is  17  mA,  which  is  greater  than  the  12  mA  wavelength  mismatch. 
Photo-excitation  of  CIII  by  MnVI  was  therefore  expected,  with  enhanced  fluorescence  on 
the  4p  'P°  -  3d  !D  line  at  2177  A.  At  nf~  1015  cm'3  and  Te  ~  3  eV  in  the  C  plasma, 
electron  and  ion  collisions  will  rapidly  transfer  the  4p  population  to  the  4s,  4d,  and  4f 
levels  [7].  Enhanced  fluorescence  was  therefore  also  expected  from  these  levels.  Typical 
results  obtained  at  2177  A  are  shown  in  Fig.  3. 

Figure  3(a)  shows  the  C  discharge  current  vs  time.  Figure  3(b)  shows  the 
spontaneous  emission  at  2177  A,  in  the  absence  of  the  Mn  pump  plasma.  When  the  Me 
plasma  was  produced  43  /is  after  discharge  initiation,  the  resultant  enhanced  fluorescence 
at  2177  A  is  shown  in  Fig.  3(c).  To  capture  this  trace  on  film,  the  gain  of  the 
photomultiplier  detector  was  kept  identical  to  that  for  Fig.  3(b),  but  the  sensitivity  of  the 
recording  was  reduced  by  a  factor  of  20.  Hence  the  spontaneous  emission  is  not  visible 


In  1961.  Rabinowitz,  Jacobs  and  Gould  [l]  reported  laser  oscillation  at  7. 12  / 1  in 
Csl,  when  the  upper  laser  level  was  photo-cxcited  by  3880  A  resonance  line  radiation  from 
a  helium  lamp.  Djeu  and  Burnham  [2]  extended  this  concept  of  selective  photo-excitation 
to  a  visible  wavelength  by  pumping  a  5461  A  laser  in  Hgl  in  a  vapor  cell,  using  line 
radiation  from  Hgl  in  an  adjacent  cell.  Recently,  Krishnan  and  Trcbes  [3]  have  proposed 
a  new  class  of  Be-like.  photo-excited  lasers  with  wavelengths  from  2177  A  in  C'lII  to  213  A 
in  MglX.  This  Letter  reports  observed  fluorescence  from  the  4p,  4d,  and  If  levels  in  CI11, 
when  the  Ip  level  was  pumped  by  310  Aline  radiation  from  MnVI.  The  radiative  lifetime 
ratio  of  4p/3d  is  40,  while  that  for  4f/3d  is  7.5.  Both  the  4p-3d  and  the  4f-3d  lines  are 
thus  candidates  for  quasi-cw,  ultraviolet  lasers.  Selective  photo-excitation  with  line 
radiation  has  also  been  proposed  as  a  means  for  pumping  soft  x-ray  lasers  in  H-like  and 
He-like  ions  [4,5],  Extensive  numerical  analyses  (5-7)  suggest  that  terawatt  lasers  and 
terawatt  level  pulsed-power  technology  are  capable  of  providing  adequate  pump  power  in 
line  radiation  with  which  single-pass,  high  gain  lasers  may  be  produced  at  soft  x-ray 
wavelengths.  At  ultraviolet  wavelengths,  the  pump  power  required  is  orders  of  magnitude 
lower,  and  smaller  gains  are  tolerable  because  of  the  availability  of  high  reflectance  optics. 
The  results  presented  in  this  Letter  were  obtained  with  a  pump  laser  power  of  100  MW. 
Since  Cl  1 1  is  isoelectronic  with  MglX,  the  collisional-radiative  kinetics  elucidated  by  this 
research  shed  light  directly  on  possible  soft  x-ray  lasers  in  MglX. 

Figure  1  shows  a  schematic  diagram  of  the  experimental  apparatus.  The  CIII  ions 
are  produced  in  a  laser  triggered  vacuum  arc  discharge  between  a  6  mm  diameter  carbon 
cathode  and  a  hollow  carbon  anode  100  mm  downstream.  The  discharge,  from  a  pulse¬ 
forming  network,  with  typically  5  kA  current  and  60  /is  pulse  duration,  is  triggered  by 
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OBSERVED  ENHANCED  FLUORESCENCE  AT  2177,  2163,  1923,  AND  1620  A 
IN  CHI  BY  PHOTO-EXCITATION  WITH  MnVI  LINE  RADIATION  AT  310  A 
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Abstract 

Line  radiation  at  310.182  A  from  MnVI  ions  in  a  laser  produced  plasma  was  used  to 
resonantly  pump  CIII  ions  in  an  adjacent,  vacuum  arc  discharge  from  the  2s  !S  ground 
level  to  the  4p  *P°  upper  level.  Enhanced  fluorescence  by  up  to  a  factor  of  150  was 
measured  on  the  4p  *P°  -  3d  *D  line  at  2177  A.  Collisional  exchanges  between  the  n=  1 
levels  transfer  the  pumped  4p  population  to  the  4d  and  4f  levels.  Enhanced  fluorescence 
was  also  measured  on  the  4d  *D  -  3p  *P®  line  at  1620  A  and  on  the  4f-3d  lines  at  2163  A 


and  1923  A  respectively. 
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that  all  these  ion  species  are  capable  of  lasing  even  with  weak 
optical  pumping.  For  example,  the  ratio  of  4f  to  2s2  populations 
in  CIII  required  is  1  x  10_t* .  Strong  optical  pumping  would  re¬ 
sult  in  a  ratio  of  0.6.  For  MglX,  the  required  ratio  is  0.06. 
Again,  the  saturated  ratio  would  be  0.4.  For  the  high  gain  lasers, 
gain  saturation  of  the  lasing  transitions  would  increase  the  re¬ 
quired  inversion  densities  and  strong  optical  pumping  to  satura¬ 
tion  would  probably  be  required. 

CONCLUSION 

The  above  analysis  has  shown  that  Be-like,  optically  pumped 
plasmas  offer  the  potential  for  high  gain,  quasi-cw  lasers  at 
wavelengths  from  2177  A  down  to  230  A.  The  new  class  of  lasers 
described  here  may  be  tested  using  laser  produced  plasmas  or  by 
creating  coaxial  arc  discharges.  The  longer  wavelength  candidates 
may  be  studied  at  relatively  low  input  powers  with  long  pulse 
durations.  Detailed  spectroscopic  studies  of  the  optical  pumping 
and  subsequent  kinetics  would  reveal  key  sca_ing  laws  that  may  be 
directly  applicable  to  the  design  of  the  isoelectronically  scaled, 
less  accessible  shorter  wavelength  candidates.  The  design  cri¬ 
teria  summarized  in  Table  III  suggest  that  in  MglX,  an  inversion 
density  of  1.5  x  1015  cm~3  may  be  maintained  by  strong  pumping 
from  a  ground  state  population  of  3  x  1G16  cm-3.  If  the  laser 
medium  is  0.5  cm  in  diameter  and  4  cm  long,  the  quasi-cw  output 
power  at  230  A  is  M.08  W.  The  power  required  for  optical  pumping 
is  then  VLO9  W.  If  only  10%  of  the  total  power  radiated  by  the 
ALXI  pump  line  is  absorbed  by  MglX,  the  total  power  required  in 
the  A2.XI  pump  line  is  then  n.lO1*  W,  which  for  a  10  ns  laser  pulse, 
requires  100  J  of  total  energy  in  the  pump  line.  The  10  ns  output 
duration  is  1000  times  longer  than  the  radiative  lifetimes  of  the 
4f  levels.  Recently,21  single  soft  x-ray  lines  with  energies 
>100  J  have  been  measured  in  many  elements  in  terawatt,  imploding 
plasma  discharges.  Existing  pulsed  power  technology  or  high  pow¬ 
er  lasers  may  thus  be  used  to  test  the  XUV  laser  schemes  proposed 
in  this  paper. 
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TABLE  III:  Parameters  of  the  optically  pumped  laser  media.  Te 
is  determined  by  a  coronal  equilibrium;  ne  is  given 
by  requiring  that  optical  trapping  not  increase  the 
3d  lifetime  to  larger  than  the  4f  lifetime,  so  that 
quasi-cw  lasing  is  possible;  the  time,  T,  for  colli- 
sional  transfer  from  4p  to  4f,  and  the  required  in¬ 
version  density,  n^,  for  specified  gain,  a,  are  also 
computed. 


LASER 

SPECIES 

•  Te 
(eV) 

EH 

4p-3d 

LIFETIME 

(ns) 

4f-3d 

LIFETIME 

(ns) 

T 

(ns) 

a 

(cm-1) 

n4f 
(cm  3) 
(x  1013) 

CIII 

a 

H| 

11 

1 

1 

0.01 

0.004 

NIV 

a 

4 

4 

0.25 

0.5 

0.01 

0.01 

FVI 

20 

70 

0.7 

0.06 

0.07 

1 

4 

NeVII 

30 

100 

0.4 

0.03 

0.07 

10 

70 

NaVIII 

45 

200 

0.2 

0.02 

0.04 

10 

100 

MglX 

55 

200 

0.15 

0.01 

0.03 

10 

150 

1  -  -  — 

For  the  rest  of  the  ions,  the  oscillator  strengths  were  assumed  to 
be  equal  to  those  in  CIII  and  the  lifetimes  were  scaled  hydrogeni- 
cally . 

For  the-  chosen  values  of  ne  and  Te,  the  times  t  for  collision- 
al  transfer  from  the  4p  to  4f  levels  are  listed  in  column  six  of 
Table  III.  Since  these  collisional  transfer  times  are  up  to  a 
factor  of  ten  shorter  than  the  4p-3d  radiative  lifetimes  and  are 
comparable  with  the  4f-3d  radiative  lifetimes,  most  of  the  opti¬ 
cally  pumped  4p  population  will  be  transferred  to  4f.  The  domi¬ 
nant  lasing  transitions  will  be  the  4f-3d  transitions.  Under 
these  conditions  of  ng  and  Te,  the  time  for  ionization  from  the 
4f  levels  was  estimated  to  be  about  a  hundred  times  longer  than 
the  4f-3d  radiative  lifetime.  Finally,  the  inversion  density  n^£ 
required  to  produce  a  specified  gain  a  on  the  4f-3d  lines  was 
computed  and  is  also  shown  in  Table  III.  For  CIII  and  NIV,  a  of 
0.01  cm  was  chosen  because  reflecting  optics  can  be  used.  FVI 
also  allows  a  hole  coupled  reflecting  cavity,  but  the  lower  re¬ 
flectivities  available  at  500  X  demand  a  of  1  cm-1.  For  NeVII, 
NaVIII,  and  MglX,  an  ASE  source  is  required,  with  a  >  10  cm-1. 
Comparison  of  the  values  of  ng  and  n^f  shown  in  Table  III  reveals 
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Design  Considerations  for  Optically  Pumped,  Qua- 
si-cw,  jJV  to  Soft  X-ray  Lasers  in  Be-like  Ions.*  M. 
KRISHNAN  and  J.  THEBES,'!'  Yale  U. — We  have  proposed^  a 
new  class  of  quasi-cw,  UV  to  soft  x-ray  lasers  in  Be¬ 
like  CIII,  NTV,  FVI ,  MgVII,  NaVIII,  and  MglX  ions  which 
are  optically  pumped  using  line  radiation  from  MnVI,  PIX, 
A£V,  A2VIII,  A£IX,  and  A£XI  ions.  The  plasmas  required 
for  these  schemes  may  be  produced  using  lasers  or  pulsed 
power  technology.  For  both  the  pump  and  the  pumped  plas¬ 
mas,  modified  coronal  equilibrium  calculations  provide 
estimates  of  the  required  temperatures.  For  each  laser 
ion,  processes  which  spoil  the  optically  pumped  inver¬ 
sion  are  considered,  such  as  collisional  ionization,  de¬ 
excitation,  collisional  population  and  optical  trapping 
of  the  lower  laser  levels.  Upper  bounds  to  the  electron 
density  ne  result  from  such  considerations.  Lower 
bounds  to  ne  are  given  by  requiring  rapid  collisional 
transfer  of  the  pumped  4p  population  to  the  4f  upper  la¬ 
ser  levels.  The  required  regimes  of  ne  and  Te  are  dis¬ 
cussed  In  light  of  proposed  experimental  configurations. 

^Supported  by  AFOSR  Grant  if  81-0077. 

Present  address:  Lawrence  Livermore  Lab.,  Livermore,  CA. 
JM.  Krishnan  and  J.  Trebes,  Appl.  Phys.  Lett.  45^  (1984). 
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Observation  of  Enhanced  Fluorescence  at  UY  Wave¬ 
lengths  in  CIII  by  Optical  Pumping  with  MnVI  Line  Radia¬ 
tion,*  N.  QI.  H.  KILIC,  and  M.  KRISHNAN,  Yale  U.— A  new 
class  of  optically  pumped,  Be-like  lasers  capable  of  la¬ 
sing  from  the  UV  to  soft  x-ray  wavelengths  has  recently 
been  proposed.-1  This  paper  reports  measurements  of  en¬ 
hanced  fluorescence  in  CIII  due  to  optical  pumping  with 
MnVI  line  radiation.  The  CIII  ions  are  produced  in  a 
laser-initiated  vacuum-arc.  A  laser  produced  Mn  plasma 
is  produced  adjacent  to  the  carbon  discharge  axis.  MnVI 
line  radiation  at  310. 17&  resonantly  pumps  the  2s2  — 

2s4p  2P0  transition  in  CIII.  Enhanced  fluorescence  by 
up  to  a  factor  of  150  was  observed  on  the  4p  2P° — 3d  -*D 
transition  at  2177A.  Enhanced  fluorescence  was  also  ob¬ 
served  on  the  4d-3p  and  4f-3d  transitions  at  wavelengths 
of  1620,  19-23,  and  2163A,  respectively.  Observation  of 
enhanced  fluorescence  on  the  CTV  resonance  lines  at  1548 
and  155lA  suggests  that  the  selective  optical  pumping 
may  be  accompanied  by  broadband  photoionization  out  of 
the  n=4  levels.  Prospects  for  building  a  quasi-cv,  UV 
laser  in  CIII  are  discussed. 

*Supported  by  AFOSR  Grant  it  81-0077. 

JM.  Krishnan  and  J.  Trebes,  Appl.  Phys.  Lett.  45^  (1984). 
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Optical  Pumping  of  CIII  Ions  in  a  Magnetically 
Confined  C  Plasma  Using  MnVI  Line  Radiation  from  an  Ad¬ 
jacent  Mn  Plasma,  H.  KIL1C,  N..QI,  and  M.  KRISHNAN, 

Yale  U. — Significant  enhanced  fluorescence  has  been  ob¬ 
served  in  CIII  ions  in  an  unconfined  vacuum-arc  dis¬ 
charge  by  optical  pumping  with  MnVI  line  radiation.1 
Thid  paper  reports  results  of  optical  pumping  of  a  mag¬ 
netically  confined  C  discharge.  Pulsed,  uniform  magnet¬ 
ic  fields  with  strengths  up  to  0.8T  are  produced  by  two 
7  cm  diam  coils  with  a  1.5  cm  gap,  driven  by  a  pulse¬ 
forming  network.  A  0.5  cm  diam  x  2  cm  long  C  discharge 
is  produced  on  the  magnetic  field  axis.  The  laser  pro¬ 
duced  Mn  plasma  is  parallel  to  the  C  plasma,  at  a  trans¬ 
verse  distance  of  0.8  cm.  The  1.5  cm  gap  between  the 
magnet  coils  enables  spectrometers  and  a  Fabry-Perot 
resonator  to  view  the  optically  pumped  plasma  region. 

Two  potential  quasi-cw  laser  transitions  are  studied 
using  the  Fabry-Perot  cavity:  4p  1P° — 3d  1D  at  2177A 
and  4f  ]F- — 3d  at  2163X.  Prospects  for  optimizing 

the  gain  by  coaxial  pumping  of  the  CIII  ions  using  a  co¬ 
axial,  pulsed  discharge  Mn  plasma  are  discussed. 

*Supported  by  AFOSR  Grant  If  81-0077. 

1N.  Qi,  H.  Kilic,  and  M.  Krishnan,  this  conference. 
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